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SUMMARY 
Geographic variation is a characteristic phenomenon of the 
majority of continental species. This study investigates the causes 
of regional differentiation within species, in particular the causes 
of sharp differentiation in the absence of barriers to gene flow and 
in the absence of spatially abrupt environmental changes. The problem 
is approachedusing single locus and oligogenic models involving a 
major gene whose genotypes are subject to one or more smooth selection 
gradients, and one or more minor genes which affect the fitness and 
mating patterns of the major genotypes., The effects of varying levels 
of selection and gene flow (including their absence), and varying deme 
sizes, are investigated using experimental populations of Drosophila 
melanogaster populations and computer simulation. 	 -. 
The major findings of this study are (1), gene flow may not be 
as important a contradifferentiating factor as it was often previously 
believed; (2), morphlotones, or abrupt spatial changes in morph or gene 
frequency, may develop in the absence of barriers to gene flow, in the 
absence of spatially sharp environmental changes, and may develop 
along smooth selection gradientswhich aregentle enough so that it 
may be difficult tO measure them in the field; (3), conversely, 
morphotones must not be interpreted as evidence for sexual, genetic, 
or physiographic isolation, secondarycontact, or abrupt changes in 
the environment in the vicinity of the clinal discontinuity, in the 
absence of other evidence; (4), genetic sampling drift alone cannot 
explain large scale t1area effects' t ; (5), simple models of coadaptive 
ri 
modifiers in dines may produce any of the effects of interpopulation 
crosses and hybrid zones observed in the literature; and (6), certain 
combinations of coadaptive modifiers in dines may lead to hybrid 
zone effects and to the evolution of sexual isolating mechanisms. A 
' general model of geographic differentiation and speciation mechanisms, 
and their interrelationships, are presented (figure 1-2). All the 
• • paths in the diagram are genetically possible, considering the effects 
of as few as four genes. 	
/ 
The results were not analytically precise, but they elucidate 
the requirements and some of the problems to be expected In studies 
of geographic differentiation. Without a thorough geographic study 
of the populationbiology and history, of a.species, one cannot say. 
by what mechanisms populations have differentiated. 
'A 'STUDY 'OF MORPH-RATIO CLINES 
Those forms which possess in some considerable degree the 
character of species, but which are so closely similar to some 
other forms, or are so closely linked to them by intermediate 
gradations, that naturalists do not like to rank them as distinct 
species, are in several respects the most important to us. 
(Darwin, 1859, p. 47). 
Chapter 1, Introduction 
.Geographic variation is found in nearly every group of organisms, 
and a given species, Rassenkreis, or Artenkreis may exhibit one or 
more of the-following structural patterns: 
1. Disjunction; one or more populations are geographically 
isolated from the rest of the taxon. 
disjunct undifferentiated: disjunct 'populations 
similar. 
disjun'Et differentiated: one or more of the disjunct 
populations are divergent from the others. 
2. Overlap; one or more groups of populations are partially 
or wholly sympatric with others, without hybridizing within 
the area of sympatry. 
3. 'Hybrid zones; narrow belts, with greatly increased 
variability in fitness and morphology, separating 
distinct groups of rather uniform sets of populations. 
4. 	Conjunction; series of distinct but contiguous groups 
of populations which are not separated by hybrid zones. 
5. ' 'Gradation; series of gradually changing contiguous 
populations. 
Partly after Mayr (1963) and Huxley (1939). See figure 1-1. 
Examples of each.include (1), Bufo Microscaphus (Stebbins, 1966); 
(2), Ensatina eschscholtzi (Stebbins, 1948); (3), Crinia'laevis 
(Littlejohn, etal., 1971); (4), Ambystoma tigrinum (Conant, 1958, 
Stebbins, 1966); and (5), Pseudacris triseriata (Conant, 1958, 
Stebbins, 1966). 
FIGURE 1 - 1 
THE DISTRIBUTION OF A HYPOTHETICAL SPECIES 
SHOWING SEVERAL SUBSPECIES DISTRIBUTION TYPES 
subspecies a shows several disjunct but not differentiated 
populations, and is in conjunction with subspecies c. 
subspecies b is disjunct and differentiated from the rest 
of the species. It also shows some disjunct, but not 
differentiated populations. 
C. subspecies a is in conjunction with a, but in gradation 
with subspecies d. A dine goes from a to d. Subspecies 
a shows three disjunct not differentiated populations, 
however, the population labeled a resembles the centre 
of the £ - d dine. If only the disjunct a and a populations 
were present, we might think that e was disjunct differentiated 
from £• 
d. subspecies d is the extreme part of the dine from a. 
All of these distribution types may be found in almost any 
book of distribution maps in animals and plants. 
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The phenomenon of disjunction, or complete geographic 
isolation, is of considerable interest because it is almost uni-
versally believed to be a fundamental requirement for speciation. 
For that reason it has been thoroughly studied (Mayr, 1942, 1954, 
1963, Huxley, 1942, Huxley, etal., 1954). The classical example 
' 
	
	of speciation in disjunct populations is that of Darwin's finches 
(Lack, 1947). 
Ove1ap between groups of populations is usually presumed 
to mean, at least in the area concerned, that species-level 	I- 
isolating mechanisms have evolved, allowing the groups to invade 
each other's ranges without producing hybrids (Mayr, 1942, 1963). 
When no series of geographically contiguous populations unite them, 
the overlapping groups are regardedas biological species. When 
overlap is present in a continuous Rassenkreis - ring species - 
• 	the status of the overlapping populations is open to dispute. 
For a discussion see Mayr (1942, 1963), Huxley (1940, 1942), and 
• Rensch (1959). 
Hybrid zones have been studied in greater detail in plants 
(Anderson, 1949, Stebbins, 1950, Grant, 1963) than in animals 
(Sibley, 1961, Short, 1965, Mayr, 1942, 1963, Remington, 1968), 
and represent a testing ground for any isolating mechanisms 
evolved, in disjunction (Mayr, 1942, 1963), or by other means 
(Huxley, 1939, White, 1968). The fate of such zones will be 
either to broaden (introgressive hybridization), or,' ultimately 
to disappear (completion of speciation). A classical example is 
the zone between the hooded and carrion crows (Meise, 1928). 
Conjunction and gradation are distinguished by the slopes of 
dines connecting their component populations. A dine is a' 	• 
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gradation in a measurable character (Huxley, 1938); the steepness 
of a dine is a measure of the extent of geographic differentiation. 
Although conjunction and gradation are characteristic.patterns of 
the majority of continental RassenkreIse (Mayr, 1942, 1963, Rensch, 
1959, 'lidvardy, 1969, see also table 1-1), these dmal classes of 
geographic variation have received relatively little attentjon from 
students of adaptation. It is agreed that conjunct subspecies 
represent responses to local environments (Mayr, 1942, 1963, 
Huxley, 1940, 1942, Huxley, etal., 1954, Dobzansky, 1951, Grant, 1 
1963), but lack of geographic isolation is thought to make them 
unimportant in speciation (Ma)'i-, 1942, 1949, 1963). Gradation has 
been particularly neglected, probably because its presence is 
• 
	
	presumed to mean that gene flow is too strong, or environmental 
differentiation too weak to allow appreciable geographic differ- 
- entiation of the genome to take place CDobiansky, 1941, 1951, 1970, 
Mayr, 1940, 1942, 1949,1954, 1963, Stebbins, 1950, Grant, 1963). 
Are conjunction and gradation patterns really unimportant in 
speciation? Ring species and other extensively differentiated 
• 	Rassenkreise have been known for a long time (Timofeeff-Ressovsky, 
1940, Mayr, 1940, 1942, 1963, Fitch, 1941, Miller, 1931, 1941, 
1951, Fox, 1951, Huxley, 1940, 1942, Rensch,- 1959). In many cases 
the extremes do not successfully interbreed. If some catastrophy 
or change in climate resulted in the extinction of the inter-
mediate populations, the survivors would be good biological species 
(Huxley, 1942, Rensch, 1959). But is full geographic isolation 
necessary? With few exceptions speciation has proceeded more : 
rapidly in the centres of continents compared to more broken up 
areas (Dillon, 1970, Darlington, 1957). 
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Disjunction of range is rare in the oceans, and there is a 
dearth of evidence for geographic barriers (other than mere 
distance) playing any role in the speciation of pelagic and benthic. 
marine organisms (Carter, 1959, Mayr, 1954b). The topographic and 
climatic diversity of the terrestrial world certainly provides many 
opportunities for classical allopatric speciation, but it does not 
exclude the possibility of, nor does it belittle the relative 
importance of speciation within a spatially continuous Rassenkreis. 
Table 1-1 illustrates the frequency of types of geographic 
variation found within the ranges of the extensively studied North 
American amphibians and reptiles. Within the limits of accuracy of 
mapping and styles of taxonomy it should indicate general trends 
(see appendix 1, Rensch, 1959, Stebbins, 1966, and Udvardy, 1969). 
The frequency of disjunct populations which have not differentiated 
sufficiently to be given subspecif ic rank (l.a.) exceeds the 
frequency of the differentiated disjunct populations (l.b.). If 
allopatric differentiation was prevalent, then we would expect 
relatively more differentiated than undifferentiated disjunct 
populations, other factors being equal. Allowing for the fact 
that the contigous class (4) may contain some unrecognized hybrid 
zones (3), we see that the number of species showing -areal dif- 
ferentiation among spatially continuous populations is greater than 
those showing disjunct differentiation. Again, for the usual 
arguments about gene flow and differentiation (Mayr, 1963, 
Dobansky, 1970), we would expect the disjunct differentiated class 
to exceed the'continuous differentiated class. 
41 
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•TABLE 1 - 1 
PATTER1S OF VARIATION IN.NORTH AMERICAN AMPHIBIANS AND REPTILES 
(Data from Conant, 1958, and Stebbins, 1966) 
(See appendix 1) 
Number of species, 	- Amphibians Reptiles Total 




in monotypic species 34 23 57 
in polytypic species 28 48 76 
total 62 	-. - 71 133 
Differentiated 
in polytypic species 
2.Overlap 1 2 3 
Hybrld'zones 4 4 8 
Conjunction 44/ 100 144 
Gradation 16 33 49 
Conjunction + gradation 60 133 193 
Note: 	a polytypic species may fall into more than one category, 
as does the species shown in figure 1-1, see appendix 1. 
Jain and Bradshaw (1966), Ehrlich and Raven (1969), and 
Antonovics (1971) review field evidence for extensive differentiation 
evolved without disjunction, and the experiments of Streams and 
Pimentel (1961), Thoday and his Colleagues (Thoday, 1958, Thoday and 
Boam, 1959, Thoday and Gibson, 1962, 1970, Millicent and Thoday, 1961), 
Dobzansky and his colleagues (D ob zhansky  and Spassky, 1967, Dobzansky, 
et al., 1969, 1970), and of the present author (chapter 3, Endler, 1973), 
show that quite marked differentiation may evolve quickly in spite of 
high levels of gene flow. This is supported by theoretical investi-
gations byJain and Bradshaw (1966), Slatkin (1971), Sokal and 
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Schnell (1971), and the present author (Chapter 2, Endler, 1973). 
Basically, it is geographical differentiation that is required to 
initiate the process of speciation (Mayr, 1942). Allopatry, per se 
may not be the exclusive prerequisite for speciation. 
Huxley (1939), Timofeeff-Ressovsky (1940), and Mayr (1942, 1963) 
briefly mention the possibility of speciation taking place within a 
continuous parental species range. This form of speciation has been 
called semigeographic by Mayr (1942, 1963), semisympatric by 
Cain (1954), stasipatric by Whiteetal., 1967, White, 1968, and 
Key (1968), andparapatric by Smith (1965, 1969) and Bocquet (1969). 
The diversity of names for the process stems partly from the confusion 
of several types of distributional patterns, and partly from the 
confounding of several modes of speciation(figure 1-2). 
The steepest dines are often, but by no means always, associated 
with hybrid zones. Mayr (1963) distinguishes, in theory, two kinds of 
hybrid zone; those resulting from primary intergradation, and those 
resulting from secondary intergradation. Primary intergradatlon 
assunes that the species or Rassenkreis has not been subject to 
disjunction, but merely local differentiation of populations to that 
gentle dines become steeper (Mayr, 1963, Huxley, 1939, Fisher, 1930, 
figure 1-2-1I). Although Huxley (1939, 1942) and Fisher (1930) suggest 
that the steepening of dines may give rise to isolating mechanisms 
(see below), Mayr (1963) is skeptical. In any case a steep dine 
should not be assumed a hybrid zone unless there is some evidence 
for increased variability of fitness and morphology in the steepest 
part of the dine compared to the flatter portions, and beyond that 
due to random effects. Until then, it should be included in the: 
conjunct class. Primary intergradation is thus a synonym for 
clinal, variation. 
n 
Figure 1 - 2 
THE INTERRELATIONSHIPS 
AMONG 
PATTERNS OF GEOGRAPHIC VARIATION AND MODES OF SPECIATION 
Ancestral 
species 
Does not spread 	 res over a spatially 
over a spatially : 	 heterogeneous area 
heterogeneous area (eurytopic or polytopic) 
(stenotopic) 
No spati al 	 :' 	 Spatial divergence 
divergence : 
Populations 	 - 	Some groups of 
I 	 : 	remain in contact 	': 	 populations'become 
I : ( continuous range) .: 	 separated (disjunct) 
Ecolcical 
or temporal 	 Differentiation 	 Differentiation 
segregation ' proceeds in adjacent 	'proceeds in isolatic 
'and divergence 	: 	contacting areas 	: (allopatry) 
(sympatry) : (parapatry) 
	
Expansion: 	' 	 •: 	Secondary contact 
.oaf - : after a given level 
ranges : 	 of differentiation 
Genetic / 	': 	Formation of 
divergence, : shallow clines.<— low 
habitat 	 (gradation) 
selection, 	 : 	- 
etc., develops 
1. Formation of 





\ 	 hybrid zones 
Evolution of isolating mechanisms 




I: Sympatric 	' 	 II: Parapatric 	- III: Allo-parapatric -IV: Allopatri 
speciation '. speciation speciation 	 speciatic 
1-7 
Secondary' intergradation 	expected when two populations of 
a species or Rassenkreis have differentiated in disjunction, and have 
expanded to secondary contact and interbreeding as a result of changes 
in climate or adaptability (Mayr, 1963). If sufficient differentiation 
has occurred in isolation, interbreeding may result In the formation 
of unbalanced gene complexes in the hybrids (see especially Dobzansky, 
1941 and Mayr, 1954). The consequent hybrid breakdown gives the 
characteristic increased variability of hybrid zones. This Is 
secondarily hypothesized to result in a stable belt of intergrades 
(Mayr, 1942, 1963, Dobzansky, 1940, 1941, 1951, 1970, Goodhart, 193). 
However, if there has not been enough differentiation during disjunction, 
the hybrids formed during secondary contact will not be "unbalanced" 
enough to produce a hybrid zone, and the zone of intermediates will 
expand until the geographic pattern is ,indistinguishable from con-
junction or gradation (Mayr, 1963, figure 1-2,111, and chapter 2, 
below). In the field, all that we can measure is the steepness of 
dines and the variability of the inhabitants at various portions of 
the dines; without knowing the complete history of thearea it is 
not possible to sa whether a species has undergone primary or 
secondary intergradation. (See also Endler, 1973). It would therefore 
seem advisable to adopt a more descriptive and precise terminology 
(page 1-1) for geographic variation. 
Figure 1-2 integrates and clarifies the classification of several 
modes of speciation postulated by various authors. There are four 
main classes: (I), sympatric; (II), parapatric; (III), allo-
parapatric, and (IV), allopatric. 
In sympatric speciation (I), there is neither 8patial segregation 
nor spatial divergence. All members of the specie 3 in statu nascendi 
are within the "cruising range" of each other, and speciation is• 	
¶ 
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postulated to take place through ecological or temporal segregation, 
host choice, habitat selection, 'etc. (Mayr, 1942, 1963, Cain, 1953, 
Maynard-Smith, 1966). 
In'parapatric speciation (II), both spatial segregation and 
spatial differentiation initiate the process,' and lead to the evolution 
of isolating mechanisms between groups of geographically distinct 
but continuous populations. Although the differentiating grOups of 
populations are in contact at their, borders, this is not a form of 
sympatric speciation (Cain, 1953, Key, 1968), because only a very 
small fraction of the members of a given group are within "cruising 
range" of the others. Isolation is by distance rather than by 
geographical, ecological, or temporal factors (II, figure 1-2, 
Huxley, 1939, Timofeeff-Ressovsky, 1940, Mayr, 1942, White, etal., 
1967, White, 1968, Smith, 1965, 1969);;'Thiis parapatric speciation (II) 
is neither a special case of sympatric (I, as suggested by Key, 1968), 
nor.of allopatr-ic speciation (see Smith, 1969), but' a process In its 
own right. 
Parapatric speciation has been confused (as in Key,' 1968) with 
allo-parapatric speciation (III). Allo-parapatric speciation differs 
from true parapatric speciation (II) in that the initial stages of 
spatial segregation and genetic divergence take place in disjunction, 
or allopatrically (figure 1-2, III), although speciation is corn-
pleted In parapatry (Mayr, 1942, Dobzansky, 1941, Key, 1968). This 
is Key's modification of White's concept (White, etal., 1967, 
White, 1968) of stasipatric speciation. Allo-parapatric speciation (III) 
differs from allopatric speciation (IV) in that speciation is not 
completed until secondary contact is made, and in that the secondary 
contact does 'not necessarily lead to speciation, 'i.e. reversion to 
clinal variation is possible (II ,and III, figure 1-2) . 
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In allopatrjc speciation (IV), all, or almost all divergence, 
segregation, and development of isolating mechanisms takes place while 
the differentiating population are geographically disjunct (Mayr, 1942, 
1963). Disjunct populations will not revert to clinal variation if 
the geographic barrier breaks down, and secondary contact is not 
required to complete speciation in allopatric speciation (IV) 
(Mayr, 1942, 1963). 
There are many branches in the paths to speciation, and therefore 
many possible alternate histories to a given geographic pattern. Most 
of the sympatry-allopatry controversy may be explained by the multi-
farious interpretations of each speciation mode (table 1-2), and 
because each author viewed, so to speak, a different portion of the 
diagram (figure 1-2). 
'TABLE '1'— 2 
• THE SYNONYMY:OF THE 'MODES 'OF 'SPECIATION 'ILLUSTRATED 'IN 'FIGURE 1-2 
ypatric Mayr, 1942, 1963, Cain, 1953, 1954, Maynard-
Smith, 1966, and other authors. 
Parapatric Smith, 1965, 1969, Bocquet, 1969; =Stasipatric 
of White, etal., 1967, White, 1968; =Semigeographic of Mayr, 
1942, 1963; =Semisympatric of Cain, 1954; and concepts of 
Huxley, 1939, 1942, •and Timofeeff-Ressovsky, 1940. Misnamed 
"t Sympatric" by Ford, 1964, 1971 (preoccupied by Sympatric 
Mayr, 1942.) 
'Allo-parapatric des. nov.; =Stasipatric of Key, 1968 (pre-
occupied by Stasipatric White, et al., 1967); =Semigeographic 
of Mayr, 1942, 1963; some concepts of Dobzansky, 1941, 1951. 
• IV: 'Allopatric Mayr, 1942, 1963; =Ceographic of Mayr, 1942, 
1963; =Ceographic of Cain; 1953, 1954, and other authors 
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Figure 1-2 indicates that dines are at the crossroads of 
several modes of geographic variation and speciation. If this is a 
reasonable picture of natural processes it suggests that dines 
would bear closer scrutiny. There are basically two questions to be 
investigated: (1), may sharp geographic differentiation evolve 
across a spatially and genetically continuous series of 
populations? (2), can the resulting steep dines give rise 'to hybrid 
zones? 
In figure 1-2 we can discern two conditions which favour the 
development of dines; secondary contact of formerly disjunct dif-
ferentiated populations (III), and implied spatial differences in the 
environments of continuous series of populations (II). 
These may be further subdivided into the' following: 
TABLE 1- 3 
THE CAUSES OF CLINES 00000 
1. Secondary contact of, populations which have differentiated 
in disjunction; 	, 	
0 
by chance. 
, adaptively. 	 ' 
2. 	Chance differentiation among continuous groups of populations; 
a. by recurrent mutation. 
.b. 	by genetic sampling drift. 
C. by combinations of chance factors. 
3. Adaptive differentiation among continuous groups of populations 
distributed along environmental gradients. 	 . 
4. ' Adaptive differentiation among continuous groups of populations 
distributed across abrupt spatial changes in the environment. 
Each of these possible causes has been invoked by various authors to 
explain different clinal phenomena, and 'often by different authors to 
explain the same phenomenon. Examples include dines in (l.a.)  
Cepaea, Goodhart (1963); (l.b.),Parádisaea, Mayr (1942); (2.a'.),Cri-
cetus, Timofeeff-Ressovsky (1940); (2.b.),Linanthus, Epling and 
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Dobzansky (1942); (3), Schizoporella, Schopf and Gooch (1971); and 
(4),Per6myscus, Dice (1939, 1940, 1941, 1947). In almost all cases 
the Interpretation of the dine is open to considerable dispute (for 
example, Mayr, 1942, Gain and Currey, 1963a,b, 1968, Goodhart, 1963, 
Wright, 19654 and Wolda, 1969a, forCepaeanemoraljs). Further 
examples are found In table 5-1, chapter 5). 
There are many conditions clasSically favouring the development 
of dines, but the requirements for very steep dines are not at all 
clear. Secondary contact could result in a steep dine initially, but, 
under the Influence of gene flow, it would soon decay into a sha11w 
dine unless there was enough "hybrid breakdown" to form a hybrid 
zone, which bypasses question 1. There is considerable dispute about 
the possibility of nonadaptive differentiation (for an unusually un-
biased view and review see Huxley, 1942"and 1954), but there is 
nothing to prevent gene flow from "swamping out" any chance spatial 
differentiation; nonadaptive dines would not be expected to be 
stable either. Gene flow is usually expected to prevent anything but 
smooth. dines over smooth environmental gradients, and even to prevent 
sharp spatial differentiation across abrupt environmental boundaries, 
unless the magnitude of gene flow is not very great (Marr, 1940, 1942, 
1954, 1963, Dobansky, 1940, 1941 1, 1951, 1970, Stebbins, 1950, 
Simpson, 1953, Grant, 1963, and many others). Thus, according to the 
classical view, we are left with either very sharp environmental. 
differences and 'reduced gene flow, or a period of completeallopatry, 
to allow any extensive differentiation. 
Many steep dines are indeed associated with a distinct environ- 
• mental boundary. -The best examples are associated with populations of 
small manmials living on soils of sharply contrasting colours (Dice, 
1939a,b,c, 1940a,c, 1941, 1949, Dice and Blossum, 1939, Blair, 1940, 
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1943b, 1950), and in populations of grasses living on and off 
abandoned heavy-metal mines (Jain and Bradshaw, 1966, McNeilly and 
Antonovics, 1968, 1971, Antonovics and Bradshaw, 1970). Such dines 
are charactrized by segments which are very much steeper than the 
rest of the dine; the flat portions between the local steepenings 
were called "steps" by Huxley (1939). It is usually assumed that the 
steepest parts of dines correspond with some abrupt environmental 
change if there.ig no evidence for secondary contact (see especially-
Mayr, 1963, and.almost any discussion of geographic variation). 
However, there are a number of situations in which local steepen-
ings do not correspond with a known spatial change in the environment, 
as in Peromyscus, (Sumner, 1932) and Amathes (Kettlewell and Berry, 
1961, 1969), or no abrupt spatial changes can be detected In the 
environment at all, as in Linanthus (Epling and Dobzansky, 1942), 
Lebistes (Haskins, etal.,1961), Cepaea (Cain and Currey, 1963a, 
1968), and Partula (Clarke, 1968, 1971). In general, sharp environ-
mental differences do not always result in steps, and steep dines are 
not always associated with distinct environmental heterogeneity or 
secondary contact. This suggests that, like the problem of "primary" 
and "secondary intergradation", there is not a unique one-to-one 
correspondence between the outcomes of-postulated causes and the 
dines we observe in nature. 
- 	The imary questions to be considered in the present study 
of dines are: 
1. may sharp geographic differentiation evolve across a spatially 
and genetically continuous series of populations? 
does gene flow really prevent spatial differentiation? 
do stepped dines require stepped environments? 
why Is there not always a unique one-to-one 
correspondence between local steepenIngs and environ-
mental changes? 	 - 
2. 	can steep dines give rise to hybrid zones? 
* Chapter 2 	- -. 
PROPERTIES OFCLINES 
*. 	gradient results partially from the dispersal of variants 
(genes) from one center toward another with lowered frequency of 
occurrence. The extreme groups in a gradient are, so to speak, 
partially isolated by their own population pressures. But the 
gradient also results from many local intermediate frequencies 
established in balance with Intermediate environments." 
(Alden H. Miller, 1941, p. 377). 
"Spatial or geographic separation is an invaluable adjunct to 
racial differentiation, even though absolute discontinuity in 
population is not." (Alden H. Miller, 1951, p. 618). 
Section 2.1. OnCeneFlow 
Gene flow counteracts the factors which favour geographic 
differentiation among populations (table 1-3), and the balance between 
these forces determines the slopes of the resulting dines (Fisher, 
1930, 1950, Wright, 1931, 1943, 1969, Haldane, 1932, 1948, Huxley, 
1939, 1942, Dobzansky, 1941, 1951, 1970, Mayr, 1942, 1963, 
Stebbins, 1950, Womble, 1951, Renscb., 1959, and others). Gerieflow 
may be defined as the movement of genes and gene complexes into, and 
	
their establishment in, allochthonous gene poois. Gene flow must 	 I 
• 	be distinguished from migration and from dispersal (table 2-1); 
neither migration nor dispersal necessarily lead to establishment of 
new genes or gene arrangements in a given gene pool. 
Migration may be defined as the relatively long distance move- 
ments made by large numbers of Individuals in approximately the same 
Table 2 - 1 
THE RELATIONSHIP BETWEEN MIGRATION, DISPERSAL, AND GENE FLOW' 
Characteristic ........Migration ....,Dispersal ........ Gene Plow. 
1. Timing: 	 Periodic, 	Continuous. 	Continuous. 
or sporadic.. 
Time period: Within a Within Between 
generation, and between generations, 
generations. 
Units: Groups of Individuals.,- Genes and gene 
individuals, arrangements. 
Mode of travel: Large numbers 	. Individuals ,' 'Via 
of individuals, separately. individua1s. 
together in . separately. 
time and space. 2' 
Distance 	. Very large. Usually Usually 
- travelled: 	- . 	 ' small, small. 
Direction: 	.. Unidirectional, Random and Random and 
or with a 	' nondirectional nondirectional, 
very strong or with a weak.. or with a weak 
directional directional directional 
bias. 	' 	' bias, bias. 
7, Establishment. 	None, 	 Sometimes*. 	Always. 
(successful - or rarely*. 	- 
breeding in the 
settling place): 
.8. Habitat of new 	Seasonally, 	Not 	 Always. 
place already or irregularly** necessarily**. 
occupied by the 
same species,: 
9. Effect: 	.' 	Avoidance of 	Occupation of Reduction of 
seasonally all available local inbreeding 
unfavourable 	habitat, and 	and of geographic 
habitat 	reduction of variation. 
	
- or climate, 	local 
extinction. 	 . 
Notes: 	 * If establishment it is also gene flow. 
** May include range extensions of the species. 
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direction at approximately the samétime, and is usually followed by 
a regular return migration, as in many butterflies (Williams, et al., 
1942), fish (Heape, 1931, Hasler, 1954, Hagen, 1967, Harden Jones, 
1968), amphibians (Twitty, 1961, 1966, Heusser, 1969), birds 
(Swarth, 1920, Heape, 1931, Landsborough Thompson, 1942, Van Tyne 
and Berger, 1961, Welty, 1962), and mammals (lieape, 1931), in-
cluding lemmings (Kalela, etal., 1961). It is very common for 
migrating species to return to the same breeding locality although 
they travel long distances each year; • this philopatry may apply to 
within the same few decimeters of the birthplace, as in Taricha 
torosa (Twitty, 1961, 1966), Bufo bufo (Heusser, 1969), TJria aalge 
(Southern, etal., 1965), or to the same stream segment, as in many 
species of Salmo (Harden Jones, 1968).. Thus migration may be very 
great, but dispersal very small (table 2-1). 
Dispersal may be defined as the roughly random and non-
directional small scale movements made by individuals rather than 
groups, continuously rather than periodically, as a result of their 
daily activities (after Elton, 1927, Allee, etal., 1949, 
Andrewartha and Birch, 1953, and Johnson, 1969; see table 2-1). 
For the estimates of dispersal which have been made for various species 
of animals and plants, the relationship between a given distance and 
the probability that a given individual will travel that distance is 
1eptokurtic (Allee, etal., 1949, Andrewartha and Birch, 1953, 
Archimovitsch, 1949, Bateman, 1947a,b,c, 1950, Blair, 1943, 1960, 
Barber, 1965, Burla, etal., 1950, Colwell, 1951, Dice and Howard, 
1951, Den Boer, 1971, Dobzansky and Wright, 1943, 1947, Ehrlich, 
1961, 1965, Epling and Lewis, 1952, - Gerking, 1959, Griffiths, .1950, 
2-4 
Hagen, 1967, Haskins, etal., 1961, 1971, 1972, Hewitt and Ruscoe, 
1971, Hewitt, pers. comm., 1971, Howard, 1949, 1960, Jain and 
Bradshaw, 1966, Jenkins and Hassett, 1951, C.G. Johnson, 1969, 
R.F. Johnson, 1961, Kerster, 1964, Kerster and Levin, 1968, Lamb 
etal., 1971, Lamotte, 1951, Levin and Kerster, 1968, Miller, 1947, 
Mitchell, 1970, Mook, 1971, Roberts and Lewis, 1955, Rodeheffer, 1940, 
Wadley and Wolfenbarger, 1944, Wolfenbarger, 1946, and others). In 
other words, relative to the movement expected if individuals move at 
random, many more indivLduals than expected move small distances or do 
not move at all, fewer than expected move intermediate distances, and 
(in some cases) slightly more than expected move long distances 
(figure .2-1). The absolute numbers moving long distances are small, 
and their occurrence infrequent, for they are at the "tail&' of the 
distribution, and for reasons to be discussed, are unlikely to be-
come established. 	 - 
Release experiments must be interpreted with caution; the 
disturbance caused by the introduction of large numbers of individuals 
into a population is likely to increase the activity of both aliens 
and residents. In addition, the increased crowding may increase the 
dispersal rate, inflating the estimate of the ordinary dispersal of 
the anImals.. The alieàs are also more likely to move than the 
established population. (Dobansky and Wright, 1943, 1947, 
Andrewartha and Birch, 1953, johnson, 1969, Narise, 1968, Sakai, 
1964, Narise 1968  Wallace, 1966a, 1968a,b, 1970, Den Boer, 1971, 
personal observations, and much of the literature on small mammal 
ecology). In general, the results of field studies and release experi-
ments indicate that the vast majority of individuals move small 
distances relative to body size, during true dispersal. 
Normal distribution 








The average distances moved by individuals, or the average dis-
persal from a release point, can give a mIsleading picture if they 
are assumed to repr_esent gene flow. Movement into a new area does 
not necessarily result in the establishment of the immigrant genes. 
(Eplin, 1947, Kerster, 1964, Ehrlich and Raven, 1969). Field 
studies on small mammals (Anderson, 1964,' 1969, Anderson and Hill, 
1965, Blair, 1951, Calhoun, 1963, Christian, 1970, Crowcroft and 
Rowe, 1963, Dice, 1940a,b, Errington, 1946, 1963, Ingles and 
Biglione, 1952, Reimer and Petras, 1967, Selander, 1970), and / 
Lepidoptera (Ehrlich, 1961, 1965, 1969,' Labine, 1966, 'Kettlewell, 
etal., 1969) provide evidence that aliens, if they mate at all, are 
much less likely to reproduce successfully than natives for many 
reasons, including social ostracism, unfam:liarity with the new 
habitat (a "psychological barrier", Mayr, 1942), and slightly dif-
ferent microhabitat and microclimatic tolerances (see also Muller, 
1952, Bush, 1969, and Lack, 1968). In addition to ethological and 
ecological factors, aliens may be genetically incompatible with the 
. . . re de s, further reducing the effective gene flow relative to 
dispersal. In seed plants, local differences, in reproductive physi-. 
ology (which are not necessarily genetic) may affect the ability of 
pollen from different areas to penetrate to the ovules. Small 
differences in the time taken from contact to fertilization could 
exclude the slower forms (Haldane, 1932). 
Even if aliens and natives were equal in all other respects, 
individuals are more likely to mate, and are more likely to mate 
sooner, with nearby individuals than with those further away on the 
basis of probabilities of random encounter, If single matings are the 
rule this greatly favours close neighbors over aliens (Labine, 1964). 
ME 
In the Great Tit (Perrins, 1965), the Kittiwake (Coulson and 
White, 1968), the Lesser Black-backed Gull (Brown, 1967), and the Manx 
Shearwater (Perrin, 1966), there is evidence that young from earlier 
matings have a greater probability of survival than those of later 
matings (see also Lack, 1966, 1968, and Labine, 1964, 1966). If this 
is generally true, then aliens which succeed in mating will be at 
an additional disadvantage because their offspring will hatch after 
the natives, if fertilization-egg laying times were equal and 4 equal 
mean arrival times. Immigrants from longer distances could have he 
additional problem of smaller food reserves which might further delay 
or reduce the efficiency of reproduction, and may also arrive later 
(Heape, 1931, Van Tyne and Lerger, 1961, Welty, 1962, Lack, 1966, 
1968). ; This timing effect could also be eEfective In plants; pollen 
from neighboring individuals is likely to reach a given female earlier 
than pollen from the more-distant populations, reducing or excluding 
gene flow from the more distant plants (Haldane, 1932, Stebbins, 1950, 
• 	Grant, 1963, BrIggs and Walters, 1972). Finally, th comparative 
- • - rarity of introduced genes means that they may be lost by chance in 
the first few getieratlons (Wright, 1931, Fisher, 1930). Gene flow is 
probably considerably more spatially restricted than dispersal, and is 
certainly 1 more restricted than migration. 
The exceptions, such as the Lincoln Sparrow (Miller and McCabe, 
1935), many duck species (Salomonsen, 1955, Welty, 1962, TJdvardy, 
1969), and many marine organisms with one or more pelagic stages 
(Eckrnan, 1953,. Hubbs, 1957, Sears, 1959, Udvardy, 1969) do not 
usually exhibit well marked geographic races (but, see Mayr, 1954b). 
If they do, strong selection seems to be operating (for example, in 
Echinus, Nichols, 1962). However, dispersal may be restricted even 
2-7 
in organisms that are apparently subject to passive transport. 
Directional factors such as oceanic currents or prevailing winds, 
may favour dispersal to particular areas. Harden Jones, in a splendid 
review of fish migration (1968), points out that there is evidence 
that the oceanic currents may actually be used by several fish species 
(some salmon, herring, and possibly eels) to return to their' birth-
place to spawn! (See also, I.C.E.S., 1969). Passive transport does 
not necessarily mean random transport; by analogy, passengers are 
not dispersed at random by trains, a variety of cues tell them when 
to get on and off. 
Genetic measures of gene flow also present difficulties. 
Selander (1970) has pointed out that using the Wahlund effect (see 
Wallace, 1968b) to estimate the amount of subdivision of populations 
(e.. Rasmussen, 1964, Petras, 1967, Anderson, 1964), or simply 
the distribution of gene frequencies (Wright, 1943b, Lewontin, 1962, 
Lewontin and Dunn, 1960), can yield misleading results because of the 
presence of "silent" or "null" alleles, or, of excessive heterozygote 
• -••frequencies,- or as' a consequence of lumping samples from different 
times of year. In addition, such measures are very sensitive to the 
quadrat size In which the genotype frequencies are calculated (see 
Pielou, 1969, and Wright, 1951). Calculating the relation between 
allelism.and distance (Wright, etal., 1942, Wallace, 1966b) Is 
very likely to give an inflated' estimate of mean gene flow distance 
because the"tail" of the leptokurtotic distribution of dispersal dis-
tances ensures that a given allele will be present over a broad area 
although its frequency will be high only over a very small area; about 
95% of all movements are over short distances. There is no substitute 
for following the dispersal and mating of undisturbed Individuals 
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(Howard, 1949), or of introduced markers in undisturbed natural 
populations (Haskins, etal., 1961). Wright and Dobz,ansky (1943) 
mention that the frequency of orange in Drosophila pseudoobscura in 
their experimental area was above the average natural frequency one year 
after their famous experiment. Unfortunately they did not study the 
rate of spread in subsequent years; that would have given a far 
superior measure of gene flow than the published experiment. 
An additional factor must be considered. Very few organisms live 
as continuously distributed populations. They are usually clumped 
in subareas of favourable microclimate' and microhabitat, separated 
by subareas of-low population density. Breeding areas are usually 
even more localized (Allee, etal., 1949, Anderson, 1964, Andre-
wartha 1and Birch, 1953, Blair, 1943,1947, 1950, Christian, 1970, 
Dice, 1940a,b, Diver, 1940, Dobansky, 1941, Ehrlich, 1961, 1965, 
1969, Ehrlich and Mason, 1966, Ferrell, 1966, Gerking, 1959, 
Grant, 1963, Hagen, 1967, Haskins, 'et'al., 1961, Haskins, pers. 
comm., 1971, Hesse, etal., 1937, Hewitt and John, 1970, Hewitt, 
pers. comm., 1971, Kettle, 1951, Howard, 1949, Marshall, 1948, 
Mayr, 1942, 1963, Miller, 1941, 1947, 1951, 1956, Tijuofeeff.-
Ressovsky, 1940, White, 1968, White,et'al., 1964, 1967, Wolda, 
1969a,b, Udvardy, 1969, Voiplo, 1952, and many other field 
'studies). This clumping amplifies the ecological and ethological 
restrictions to genef low, and reduces the number of settling places 
where establishment would be possible in the absence of other limits. 
The exceptions, for example, some plants (especially palaearctic 
grasses and. conifers), are either not sharply differentiated spatially, 
or the differentiation can be shown to result from intense selection 
pressures (Stebbins, 1950, Grant, 1963, 1971, Jain and Bradshaw, 
1966, Antonovics, 1972, Briggs and Walters, 1972). Generally, 
gene flow is restricted both in distance and in the location of 
successful establishment to a reticulation of favourable localities, 
and i8 spatially restricted compared with dispersal and migration. 
in summary: 
1. Dispersal is restricted compared with migration. 
there Is usually a return migration. 
birthplace philopatry is common. 
2. Dispersal Is usually leptokurtotic or very restricted. 
3. Gene flow is restricted compared with dispersal. 
gene flow requires establishment of alien genes. 
numbers and frequency of long distance travellers 
are very low. 
random encounters favour the nearby as mates, or 
the nearby as earlier mates. 
ethological reduction of alIens'reproduction. 
ecological and physiological reduction of 
reproduction. 
chance loss of Introduced genes or gene 
arrangements. 
4. Mlcrodistribution is patchy. 
in population size or densIty. 
in breeding or egg laying sites. 
These factors favour geographic differentiation, because they' increase 
genetic isolation between areas (Wright, 1940b, Mayr, 1942), even 	
V 
though the movement among these areas may seem large. The déme 
concept (Gilmourand Gregor, 1939, Ruxley, 1939, Gregor and Watson, 
1961) although originally conceived for plants, is a good approximation 
to the population structure and gene flow patterns of most animals. 
I 	 - 
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Section 2.2 A Model for the Study of Clines 
- 	- In -approaching - the - problem of distinct geographical differ- 
entiation in genetically continuous areas it will be helpful to consider 
' models as well as field data. "Models can be viewed as selective 
approximations, which, by the elimination of incidental detail, allow 
some fundamental, relevant, or interesting aspects of the real world 
to appear in some generalized form." (Haggett and Chorley, 1967). A 
good model should be suggestive, or "one with implications rich 
enough to suggest novel hypotheses and speculations in the primary 
field of investigation." (Black, 1962). "A model must be simple 
enough for manipulation and understanding by its users, representative 
enough In the total range of implications it may have, yet complex 
enough to represent accurately the system under study (Choraf as, 
1965). Finally, it should be reapplicable to the real world, that 
is, not only describe, but predict in a manageable way (Raggett and 
Chorley, 1967). Thus "a bad model would be heavily symbolic,.present 
an overly formalized view of reality, be much oversimplified, 
represent an attmpt to erect, a more exact structure than the data 
allows, and be used for., inappropriate prediction." (Haggett and 
Chorley, 1967, after Kaplan, 1964). 
At- the simplest level, geographic variation Is characterized by 
spatial differences ingéne frequencies. "An analysis of the f or-
mation of the, geographical races and species ought to begin with a 
-study of the behaviour of the single characters distinguishing the 
different forms from each other. Only subsequently can one study the 
interaction of the unit-character in the complex systems representing 
, 	 h the, types with which taxonomy is primarily concerned (Dobzansky, 
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1933, p. 124). For a polymorphic character (sensu Ford, 1940, 
.1945), a morph-ratio dine is a spatial gradient in genotype or gene 
frequencies. There are numerous examples in nature, although few 
have been analyzed throughly (see marked papers in the reference list 
and Chapter 5). Morph-ratio dines will be useful models in the 
study of the causes of distinct geographical differentiation. 
In order to understand the properties of morph-ratio dines it 
will be helpful to use a model of population structure which is 
flexible and takes account of what is known of natural populations 1. 
The remaining part of this section describes the assumptions and 
mechanics of the model. Section 2.3 discusses some salient con-
siderations which are too often neglected in dine studies; section 
2.4 presents the results for genetidTTsanipling drift; section 2.5 
the results for environmental gradients; section 2.6, for abrupt en-
vironmental changes, and section 2.7 the results for secondary contact. 
Finally, a brief summary is provided in section 2.8. Results of the. 
models were obtained by simulation. 
We will consider a diploid species distributed as a series of 
demes. A deme may be regarded as a spatially discrete breeding unit; 
an effectively panmictic aggregate of organisms lasting for at 
least one. breeding session, and connected by gene flow with the 
neighboring demes before and after reproduction. The deme model is 
similar to Wright's neighborhood concept (Wright, 1940a,b. 1943, 
1946, 1969), Dobansky and Wright, 1943, 1947), but takes account of 
the microdistribution and limited gene flow patterns observed in 
nature (section 2.1). The denies will be assumed to make up a hex-
agonal grid in two dimensions; each deme has six adjacent neighbors 
(fig. 2-2a). This has been shown to be a better approximation for two 
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dimensional dispersal than the square grid (Cole and'King, 1968, 
Chorley and Haggett, 1967). A linear transect in which each derne 
has two adjacent neighbors will also be considered (fig. 2-2b). 
The amount of gene flow per generation will be represented by g, the 
fraction of each deine which is exchanged with the other denies (g is 
'iisedrather than mbecause m may imply migration). Thus g rpresents 
the probability that a given individual in deme x will leave deme x. 
Gene flow will be to adjacent demes only, for the reasons discussed 
in section 2.1; this type of model has-been termed the "stepping / 
stone" model by Kimura (1955). 
. 	1.' 	. 	 . 	 S 	 -. 	 •• 	• 
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a, hexagonal array (size 8 x 8) 	 b, transect (size: d 8) 
Figure 2 - 2. Distribution of demesintheauthor'smodels 
for size (d) 8. 
Arrows represent gene flow between a given denie and Its neighbors. 
Each deme is assumed to be initially polymorphic for an auto-
somal locus with two alleles, A and a, and will be assumed to have 
initially a 50% frequency (p) of gene A. For the purposes of the 
subsequent-models, the initial gene frequencies are not important 
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because only simple selective models will be considered. Each deme 
will have a population size of N. There is a dearth of evidence for 
a relationship between gene frequency and population size (Thod'ay, 
1963, Tatnarin and Krebs, 1969), other than that resulting from genetic 
sampling drift (Wright; 1931, 1969), although it is theoretically 
possible (Clarke, 1972). Therefore population size, N, in each deme 
will be supposed to remain temporally constant. 
Equilibrium (if any) will be attained after many generations of 
the sequence: mating, selection (if present), and gene flow. Gene 
frequencies at equilibrium, 0, are measured after gene flow; this 
will bias the models in favour of the effects of gene flow (see, for 
example, generation 50 in figure 2-10). The final gene frequencies 
were obtained by simulations on an I.C.L. 4-75 computer at the 
Edinburgh Regional Computing Centre, using programmes written in IMP 
language (see appendix 2, and Whitfield, 1969). Section 2-3 will 
deal with three important preliminary points. Sections 2-4 through-
2-7 will discuss the dines that may result from genetic-sampling 
drift, environmental gradients, environmental boundaries, and 
secondary contact, and will review the models of other workers. Data 
from the field will be discussed wherever relevant material has been 
published. 	- 
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Section 2.3. Preliminary Considerations 
2.3.1. Nomenclature. Several terms have been used to describe 
spatially sharp geographic differentiation in dines; steps (Huxley, 
1939, 1942, and others), local steepenings (Clarke, 1966, and 
others), subspecies boundaries (Mayr, 1942, and most taxonomists, 
see also Bigelow, 1965 and Remington, 1968), genetic discontinuity 
(Crosby, 1969), secondary contact or intergradation (inappropriate!, 
• see chapter 1), hybrid zone (inappropriate, see chapter 1), or 
• simply steep dines (most studies of geographic variation). The 
problem with most of them is that they imply a particular cause, or 
the existence of a particular genetic. structure. For example 
Huxley's term step implies a discontinuity as does Crosby's term. 
The term step was originally intended to refer to a relatively 
stable portion of a dine, and not to the part separating the 
stable areas (Huxley, 1939). Local steepening may betaken to mean a 
dine In the process of steepening locally as well as being locally 
steep. Other terms are rather ponderous. Morphotone will be used as 
a purely descriptive term to denote a relatively abrupt spatial change 
in morph or gene frequency, just as Ecotone is used to denote a 
sharp transition in ecology (Allee, et-al., 1949). 
2.3.2 Measurement. How can one quantitatively describe sharp spatial 
differentiation, or quantitatively describe the distinctness of a 
morphotone? This isa statistically unsolved problem. Wright (1931. 
1943, 1946, 1965, 1969) and most recent workers studying differentia-
tion under genetic sampling drift (see section 2.4) have used the 









is the between-deine (or between-neighborhood) standard deviation of 
• •: 	gene frequency and (1-) is the expected between deme standard 
• 
0 
deviation given the mean of all the denies' gene frequencies, p. The 
greater the differentiation of gene frequencies, the larger is this 
\ ratio. However, given an area (say) which has differentiated into 
two subareas of high and low gene frequency (fig. 2-3a), it is 
• 	possible to rearrange the location of the denies without changing the 
gene frequencies so that there is no spatial differentiation, but 
the differentiation ratio has the same value (figure 2-3b). A 
high differentiation ratio does not necessarily imply dines 
(Wright, 1943). An additional problem is that the differentiation 
00000 
Ooratiois dependent upon the mean gene Frequency of the sample. 
distance 	 distance 
Figure 2-3. The difficulty 'of the differentiation 'ratio (IF). 
Kimura and Weiss (1964), alsoworking with random drift, have 
suggested measuring the decrease of genetic correlation with distance. 
If groups of denies have changed in gene frequency together, then the 
decrease of genetic similarity with distance will not be as rapid, for 
distances less than the radii of the differentiated areas, than it 
would be if there was no differentiation. Further away, the genetic 
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correlation should fall off more rapidly with distance. Unfortunately, 
for this measurement to work at all, the differentiated groups must 
be roughly equally spaced as the spatial correlations must be done 
between all_possible pairs of demes; irregular spacing of differenti-
ated groups of denies may not appear different, by this measure, from 
randomly differentiated single denies. There is no substitute for 
mapping the geographical distribution of gene frequencies in each 
deme and working from there. 
It is possible to define an arbitrary threshold gene or morph] 
frequency, and then calculate the meanarea of groups of adjacent 
denies or samples beyond the threshold. If denies have differentiated 
independently the mean area of these groups will be very small; if 
groups of r'demes or 'neighborhoods have differentiated together the 
mean size wil1'be large. Although a dependable measure, it is as 
arbitrary as the thresholds chosen, and requires extensive sampling. 
Furthermore, it does not reveal the presence of morphotones. 
The slope of a -dine is a measure of the sharpness., of differ-
entiation between the two areas it separates, but it is not always 
clear at what portion of the dine on which to do the calculation. A 
dine may be sigmoid, asin several colour and pattern morphs of 
Tisiphone abeona (Lepidoptera) in eastern Australia (Lucas, .1969), 










Distance along coast 
Fig. '2-4. A Sigmoid Cline (Lucas, 1969) 
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Clearly, taking the average slope between points a and d would 
indicate a flatter dine than if the slope was calculated between 
b and c. If samples wereroughly equally spaced, then a crude 
measure could be the slope of the steepest part of the dine, taking 
" only adjacent samples which are significantly different from each 
other. However, this lo.ses information, and may give improper re-
suits if there is much between (adjacent) sample variation, as in the 
purple shell frequency dine in Partula taeniata described by Clarke 















figure 2-5.' A dine with high betweensamplevariation 
(Clarke, 1968). 
Specifying a morphotone is particulrly difficult if the rapid change-
over appears to take place between only two adjacent sample points, 
as in the banded shell frequency in Partul, taeni 	(Clarke, 1968), 








Distance (metres x 100) 
figure 2-6. A morphotone between two'sample points only 
(Wolda, 1969b) 
For this study of the causes of morphotones, the criterion 
described by Matthews will be sufficient. By the Matthew's cr1-
tenon, a inorphotone falls into one of three classes: (I), "not 
obvious"; (II),, "obvious", and (III), "bloody obvious" (Matthews, 
1966).  
2.3.3 Gene and Genotype freguencies. Unless one knows the genetics 
of a polymorphism, all one can measure are polymorph frequencies. An 
important consequence of diploidy and the Mendelian relationships in 
populations is that a small spatial change in gene frequency may be 
accompanied by a large morphotone in genotype or phenotype frequency. 
The data for the dine in melanism of Arnathes glareosa (Kettlewell and 














Figure 2-7. Morph frequencies and "gene" frequencies 
InAmathes glareosa (Kettlewell and Berry. 1961. '1969 
As a simple numerical example, consider a' smooth dine for the 
gene frequency of a bi-allelic locus. The corresponding dines in - 
genotype frequency (assuming Hardy-Weinburg ratios) showa very steep 






distance 	 . 	distance 
Figure 2-8. Genotypeandgenefrequencjes of a single locus. 
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Thus genotypes may be differentiated strongly among nearby dames even 
though gene frequencies are not. 
Section 2.4. Genetic Sampling Drift. 
The relative Importance of genetic sampling drift in natural 
populations is the subject of a controversy which is remarkable for 
its temporal stability and Its lack of resolution. Huxley (1942) !pre-
sents one of the most unbiaseddiscussions of Wright's famous theory 
• (Wright, 1931, 1940a,b. 1969); more recent, but biased, views may 
be found In Ford (1964, 1971), Sheppard (1967), Manwell and Baker 
(1970), and Wright, (1969). 
The fundamental assumption of the genetic drift hypothesis, 
exactly equal mean survival rates among the genotypes, is often made 
• - 	when one does not know, or cannot measure any selective differences, 
• 	• or one has not measured and cannot conceive of any reason for select-. 
• 	lye dIfferences. Examples Include discussions of polymorphisms for 
flower colour In-Llnanthus parryae (Epling and Dobzansky, 1942), for 
shell colour and pattern In Cepaea nemoralis (Lamotte, 1951, 
Dobzansky, 1941, Mayr, 1942), and almost all instances of protein 
polymorphisms. However, there are differences in soils in the range 
of Linanthus, although brushed aside by EplIng and Dobzansky (1942), 
and seed storage makes the effective population size large for drift 
• 	(Epling, etal,, 1960). Differential selection has been demonstrated 
for the polymorphisms in Cepaea (Cain and Sheppard, 1954), and in 
some protein polymorphisms e..Koehn, 1969, Schopf and Gooch, 1971). 
However: 	 : • 
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1tVery often, a mode of seiection is inferred from an 
observed pattern of polymorphisms in natural populations. Thus 
if the same pair of alleles are found in uniform frequencies 
over wide distribution range of the species, it is claimed that 
natural selection is actively maintaining these frequencies. 
If, on the other hand, different alleles are fixed in different 
local populations, or if there is a dine, these are often 
considered to be the result of local adaptation of these 
alleles. Furthermore, if the frequencies of alleles are uni-
form within each locality but different among localities, this. 
is also assumed to indicate some form of 'balancing 
Actually, selection can be invoked to explain any pattern of 
polymorphism in natural populations. Often, such presumed 
selection is used to refute the neutral polymorphism theory." 
(Kimura and Maruyama, 1971, p. 125). 
• Of course, the same criticism may be leveled at those assuming that 
the variation is a result of genetic drift in the absence of other 
evidence. Although the fundamental assumption of the genetic drift 
hypothesis is unlikely to hold for many generations, it is still im-
portant to ask the question, can geneticdrift give rise to stable 
morpho tones? 
- Wright (1931, 1940a,b, 1943a, 1946, 1965, 1969) has shown that 
spatially limited gene flow combined with genetic sampling drift 
can give rise to marked "differentiation". By "differentiation" he 
means that the frequency distribution of gene frequencies throughout 
the (theoretical) species range is rectangular to ti-shaped (fig. 2-9), 
and adjacent neighborhoods may have greatly differing gene frequen-
cies (Wright, 1931, 1943, and implicit in all his subsequent papers, 
and in papers quoting Wright). As pointed out in section 2.3, this 
does not necessarily mean that areas containing many neighborhoods 
or demeshave differentiated from other such areas, but only that 
high and low gene frequencies are at least as common as intermediate 
gene frequencies. Thus dines, and dines containing morphotones are 
not necessarily found in species exhibiting a high degree of 



















The gene frequency, p, in dame x, after gene flow, is the mean 
of the gene frequencies of the residents and the aliens contributing 
to the breeding group, weighted by the gene flow rate, or: 




where g is the fraction of the dame or neighborhood which is replaced 
by aliens during one generation of gene flow, p is the gene fre-
quency of the deme before gene flow, and p is the gene frequency of 
all breeding aliens. (Gene flowis represented by g and not m 
because m may connotate migration, see section 2.1). From (1), 
the change In a given deme's frequency, p, per generation, Is: 
-.  	 =-g 
	
(2), 
if there is no differential emigration among genotypes (after Wright, 
1931). Thus, both the rate of gene flow, g, and the difference 
between the gene frequencies of. aliens and natives1 changes the gene 
frequency after gene flow; Ap will be small if either g or 
or both are small. Any differences among dames participating in gene 
flow increases their 	reducing (p-i) the following generation. 
Therefore dames participating in gene flow tend to become more similar 
to each other than those not exchanging genes, or those exchanging 
genes at a lower rate. Aliens come primarily from adjacent neighbor-
hoods or dames; those from longer distances are rare and contribute 
little to 	(section 2.1). As a result adjacent demes may be similar 
but distant demes may be very different. - If gene flow can come from 
anywhere In the species range with equal probability, as in the 
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Squaw Duck (Salotnonsen, 1955), p is equal to the mean gene frequency 
of the species, p. In such a case, if a deme's gene frequency (p) 
happens to be markedly different from , then (p - ) and Ap will 
be large, and in subsequent generations, p will approach (in the 
'. 	absence of differentiating factors) as gene flow reduces the dif- 
ferentiation of that deme. As long as gene flow is spatially 
restricted, isolation by distance allows populations to remain 
differentiated. 
To include the effects of genetic sampling drift, a drift teri 
is added to (2): 
Apx = -g 	- P) + 	 (3). 
The drift term, iS(p,N), is a randomly determined variable with a 
mean of zero, and a variance of p(l_p)/2N where N is the effective 
population size of deme or neighborhood x, and p is the deme's gene 
frequency before genetic drift (Wright, 1931, 1943, 1946). Thus 
the greatest variation in changes in gene frequency occurs by chance in 
small populations with intermediate gene frequencies, in addition to 
the effects of gene flow. We are here assuming that genetic drift 
takes place before gene flow, and the measurement of the new gene 
frequency is made after gene flow. Equation (3) also assumes that 
the gene frequency of the natives which do not emigrate is the same 
as the dame's gene frequency before gene flow. This commonly made 
assumption gives rise to an inaccuracy which will be discussed later 
in this section. 
The mathematics of the joint effects of genetic sampling drift 
and gene flow are complicated and require many oversimplifications, 
but the results of differing models agree well. Wright (1943, 1946) 
considered two models, an "island" model and a continuous model with 
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isolation by distance. In the "island" model the hypothetical species 
is distributed among a large number of demes, each of which exchanges 
genes with the entire species at a rateg; i.e. p = 
	. In the con- 
tinuous model the species is distributed continuously in one or two 
dimensions, and each individual is considered to be at the centre of 
a (uni- or bi-variate) normal distribution of parent-offspring dis-
tances from which its parents may have been drawn at random - the 
neighborhood. Rohif and Schnell (1971) simulated Wright's continuous 
model. Kixnura and Weiss (1964) studied one, two, and three dimensional 
stepping stone models in which a species is distributed among a square 
grid of dames connected by gene flow, to adjacent demes only, at 
rate g per generation, and long distance gene flow (p = p) at a rate 
g s  per generation. Kimura and Maruyama'(1971) and'Maruyama (1971) 
considered a stepping stone model like that of Kiinura and Weiss 
(1964), but with no long distance gene flow and a peculiar form of 
	
• 	recurrent mutation. The present author ran simulations of the 	- - 
stepping stone model- with no mutation and the demes arranged in a 
• 	hexagonal grid (section 2.2.2. for description). 
• 	 In all models differentiation is greatest when few individuals 
• move, and the distance travelled is small compared to the total 
4istribution of the hypothetical species (see Wright, 1943; and 
- figures 2-10 through' 2-20). Wright's "island" model yields the least 
"differentiation" (smallest differentiation ratio) among the models 
for comparable rates of gene f low. "Important differentiation" (all 
gene frequency classes equally common, or a rectangular distribution 
of commonness) may evolve if the number of individuals participating 
in gene flow, Ng, is less than 5, and "significant differentiation" 
-. 	(gene frequency classes in a U-shaped distribution) may evolve-if 
is less than 0.5 (Wright, 1943). This is because small g reduces 
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the effect of gene flow, and small N increases the random differentia-
tion by genetic drift. 
In Wright's 2-dimensional continuous or neighborhood model, 
"important differentiation't may evolve if the effective size of a 
' 	neighborhood is less than 100 individuals and the ratio of the area 
/ occupied by the species to the average area occupied by a neighborhood, 
(A5 /A = K,) is greater than 10 7 . Effective size (N) and area (A) 
• 	of a neighborhood are directly related because a constant density is 
- assed For smaller effective neighborhood sizes "important 
differentiation" may evolve for smaller K. "Significant differentia-
tion" requires larger K and smaller effective neighborhood size, For 
example, if the effective-size is 20 individuals, "Important differ-
entiation" may occur if K>10, and "significant differentiation" if 
K>105 , but if N=50 individuals, "important differentiation" does not 
occur unless K>103 and "significant differentiation" not unless K is 
- . . extremely large. Wright (1943, 1946, 1969) does not give any in-
dication that steep clineslwill evolve in the neighbohood model, but 
• 	the simulations of Rohif and Schnell (1971) indicate that dines may 
be formed. Rohlf and Schnell (1971) do not give a vertical (gene 
frequency) scale in the maps which they present, so It is difficult 
to see whether any morphotones are present. In continuous models 
differentiation measured by the differentiation ratio or its equi-
valent is greater for smaller neighborhoods and for more neighborhoods 
per species area (1/K) (Wright, 1943, 1946, 1969, Rohlf and Schnell, 
1971); both N and K are measures of the amount and distance of gene 
flow and the magnitude of the drift factor. 
Analogous results are found in stepping stone models. Kimura 
and Maruyama (1971) and Maruyama (1971) find that if Ng is less than 1, 
.1 
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• 	pronounced "differentiation" (as measured by the differentiation 
ratio) of demes may evolve. If .1<Ng44, then "differentiation" is 
less pronounced. Kimura and Maruyama (1971) also ran some simulations. 
The details are not presented, but apparently the grid was a square 
' 	grid of 20 by 20 denies arranged on a torus (doughnut). Deme sizes 
(N) and gene flow rates (g) were not given, but their product (Ng) 
was 4.0 and 0.25 for two published simulations. It is not clear how 
the demes were started with respect to gene frequencies, and apparent- 
ly results were not printed out by their computer unless the mean 
gene frequency () rose above 0.10. Rohif and Schnell (1971), and 
the simulations of the present author (figure 2-10 .to 2-20), 
demonstrate that the changes in the first few generations are likely 
to affect the pattern of areal differentiation in future generations; 
the results could be artifacts of poorly chosen random numbers or 
biasesstarting gene frequencies. Furthermore, when a deme's gene 
frequency became 0, the lost allele was introduced again! It was not 
said what the reintroduction of the lost allele did to the deme's 
• 	gene frequency, and one cannot tell because N Is not given. The 
two maps Kimura and Maruyama (1971) present show the gene frequency 
pattern of groups of "6.25" demes; apart from the dubious method of 
lumping "6.25" denies, this pooling obscures adjacent-deme differences 
in gene frequencies, which could be less than implied. In addition 
to losing details of the distribution of gene frequencies, lumping 
data from several denies is prone to bias; the pooled variation is 
dependent upon the quadrat size (size of the grouping) and the placing 
of the quadrat boundaries relative to the actual boundaries (if any) 
of the differentiated areas (see Pielou, 1969, and the ecologicalY 
literature). It is therefore difficult to interpret Kiniura and.. 	• 
I 
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Maruyama's (1971) simulations in relation to other models and field 
studies,.although their critical Nxg for marked "differentiation" is 
similar to other workers' results. Unfortunately, in most natural 
populationsthe number of individuals breeding in allochthonous demes 
per generation (Ng) is likely to be greater than 1 (see references 
of section 2-1), so the application of the theory is limited. 
In Wright's (1943, 1946), Rohlf and Schnell's (1971), Kixnura 
and Maruyama's (1971), and Maruyaina's (1971) models, the "differentia-
tion" of demes or neighborhoods is very much greater for a species 
distributed as a narrow series or linear series of demes or neighbor-
hoods compared to broad two dimensional areas for a given rate of 
gene flow. This is simply because a given individual's parents 
on average, come from more neighborhoods in a two dimensional habitat 
than in a narrow-linear range, i.e., p is closer to p in an area com-
pared to a line. Kimura and Weiss (1964) also considered "3-dimen-
sional" distributions of demes. At first sight this is biologically 
unsound (even in the sea, distribution and breeding is -usually 
restricted to one depth), but in the "3-dimensional" model each deme 
has 6 adjacent neighbors, hence is comparable with a species dis-
tributed in two dimensions in a hexagonal grid of demes (fig 2-2). 
Kimura and Weiss (1964) find that differentiation is smaller in "3 
dimensions" compared with two or one, as is expected since gene flow 
can come from 6'instead of four or two neighbors. 
Wright (1943, 1946, 1951, 1969), and Kimura and Weiss (1964) also 
considered models in which both long and short distance gene flow 
occurred. In both models the long range gene flow was assumed to 
come from a random sample of the species (or = j), and the long 
range rate g 5 was found to set a limit to the amount of random, - 
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"differentjatjon" possible for all g. Wright found that long range 
gene flow reduces the "differentiation" of subgroups if their sizes 
are less than 11g.. As g 8 is likely to be very small (section 2-1), 
and must actually introduce a new or rare gene or gene arrangement, 
the effect of long range gene flow in natural populations Is likely 
to be very small. In addition, long range gene flow is unlikely to 
be representative of a species( 	refs. in Section 2.1 and 
Christian, 1970). Kimura and Weiss (1964), using the relationship 
between gene frequency correlation and distance as an index of 
differentiation, found that the correlation between a given dame and 
all dames x steps apart is approximately: 
(x) I exp (-x I4j/), 	jforlarge x and g<< g<< 1, 
for a linear series of dames, and: 
r(x) '(exp (-xv'4g/g )/& for large x and g<<g<< 1, 
- for two dimensions, and: - 
r3 (x) & (exp (-x/6g/g )/x 
	
for large x and g<< g<< 1 
for "three dimensions". Thus the similarity between any two dames 
falls of f rapidly with distance for larger g and smaller g. The 
correlation at a given distance, x, is greater for larger short range 
gene flow rate, g, and for small g 5 . Similar results were found by 
Bodmer and Cavalli-Sforza, (1968). Unfortunately Kimura and Weiss's 
(1964) formulae are designed for small g (g0.10) and give unrealistic 
i results for very small g. It is possible that 10 to 10 are 
- 
	
	reasonable values for g 5 , but g is likely to be greater than 0.10 
in natural populations. An additional problem is that the formulae 
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are only good for large x; it is the changes over short to inter-
mediate distances which are of interest from the point of view of 
raciation and speciation. 
It is not clear from any of the models whether morphotones may 
\ 	form as a result of random genetic drift; they only show that 
/ demes or neighborhoods may become different in spite of gene flow, 
depending upon the relative values of the gene flow and sampling 
drift terms in equation (3). To enquire whether morphotones could 
form regularly as a result of genetic sampling drift and gene fbi1, 
I have carried out a series of simu1tions for hexagonal array of 
denies (fig. 2-2, figs. 2-10 through 2-20). In a given generation 
mating period, in a given deme of size N the offspring genotype num-
bers were determined by drawing numbers.at 'random from a rectangular 
distribution with a range of 0 - 1, inclusive. Random numbers were 
generated by the tpower  residue" method, the method that is least 
subject to periodicity (I.B.M., 1959). If a given number falls be-
low p2  it is treated as an AA homozygote, if between p  and p 2 + 
2p(l-p), it is a heterozygote, and if above p2  + 2p(l-p) it is an 
aa homozygote. The genotypes may thenparticipate in gene flow. 
(The program will be found, in appendix 2). 
Figure 2-10 illustrates a typtcal run of 1000 generations for 
2500 denies arrangedin a 50 by 50 hexagonal grid. Each deme consists 
of 100 breeding" individuals*. Total gene flow, g, in this simulation 
*This and the following simulations are on a much larger geographical 
scale than those of Rohlf and Schnell (1971) and Kimura and Maruyama 
(1971), and were done before either paper was published ( in 1969-
1970). Rohif and Schnell's area would fit comfortably in 1/25 of the 
area shown in fig. 2-10. Kimura and Maruyaina's simulation of 20 x 20 
denies is on a torus, and they do not give population size, so coin-
parison is difficult. , If their N were the same, their area would fit 
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FIGURE 2 — 10. Random genetic drift in a 50 x 50 hexagonal 
array of demes, each with N=100, g=0.20. All 
demes started with a gene frequency of 0.5. 
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FIGURE 2 - 10, Continued. 
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FIGURE 2 - 10, continued. Rows and colunns were inadvertently 
exchanged in the printouts used for these 
illustrations between generations 500 and 550. 
This has no effect on the conclusions. 
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FIGURE 2 - 11. Measures of differentiation for the simulation 
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FIGURE 2 - 12. Correlation of gene frequencies of demes which 







FIGURE 2 - 13. Random samples of 7 demes taken at (below) 
generation 200 and (above) generation 1000. 
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was g= 0.20, i.e., adjacent demes exchanged g/6 0.03333 of their 
breeding population each generation; thus Ng= 2.0. Natural 
populations may have smaller deme sizes, but many will have larger g.. 
As in Rohif and Schnell's (1971) simulations, the changes in the 
' 	first few generations determine the major features of the spatial dis- 
tribution of gene frequencies. Subsequent generations change more 
slowly. The various measures of differentiation for this simulation 
are shown in figures 2-11 and 2-12, and demonstrate the gradual 
reduction in rate of differentiation in.time. Clines are formed I 
between generations 50 and 100, and their location remains relatively 
constant for many hundreds of generations. The broad picture of 
highs and lows is not too different between generations 250 and 1000. 
If the maps of figure 2-10 represented a natural population, 
and sampling points were located at random over the map, but were 
widely spaced, it would appear that stable dines were present in the 
species (Fig. 2-13). Samples taken 1000 generations previous to the 
most recent sample might be even more thinly scattered; especially if 
from fossil or subfossil material. Data from subfossil Cepaea 
nemoralis and C.hortensis going back to about 1000 generations be-
fore the present-day samples from the same area show patterns of 
microgeographical variation which are not inconsistent with the 
present simulation (Cain, 1971, Currey and Cain, 1968). Other 
simulations also yield long lasting areas of generally high and low 
gene frequencies. This particular simulation was chosen for illustra- 
tion because itshows,-by chance, a saddle-shaped surface of gene 
frequencies. If this was observed in the field it would be very 
tempting to ascribe the ridge of high gene frequency to an environ-
mental factor cutting diagonally across the study area. One-would 
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rule out random genetic drift as a factor because the sampling 
points would yield large numbers of individuals (Cain and Currey, 
1963a,b, 1968, Clarke, 1968, etc.). 
However, a detailed survey would show that the dines are not 
smooth, nor is their detail stable from generation to generation. A 
tnorphotone may form one generation by chance, but will be quickly 
reduced or disappear in the next generation, although the overall 
dine may last hundreds of generations. Unless samples are taken 
over many successive generations at closely adjacent localities a I 
stable pattern may seem to persist. The peak in the upper left 
centre of figure 2-10 lasted for about 500 generations before becoming 
small, although the boundary of the area fluctuated markedly each 
generation. 	 / 
The patterns shown in figure 2-10 are similar to some of the 
microgeographic variation described by Cain and Currey (1963a, 1968), 
Arnold, 1968, Carter, 1968, Wolda, 1969a,b, and Jones, 1971 for 
Cepaea, and by Clarke, (1968, 1971) for Partula, and'would qualify as 
area effects if detailed sampling were not carried out. An area 
effect is a stable microdistribution pattern in which areas larger than 
the species' panmictic uit are relatively uniform in gene or gen.otype 
frequencies, and are separated by stable morphotones which do not cor-
respond with any known environmental factor (After Cain and Currey, 
1963a). 
The effect of various levels of gene flow (g) on random dif-
ferentiation isshown.in figure 2-14. Each simulation in the figure 
uses the same set of random numbers to allow direct comparison of the 
effects of gene flow, and other sets yield very similar results. Each 
deme is given a size of N= 50 individuals in a 3.0 by 30 hexagonal 
grid of 400 denies. As the mathematical models (and common sense). 
LEGEND: 
FIGURE 2-14 
Gene frequencies in each deme 
Gene frequencies at generatiçn 500 for various g and N=50. 
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FIGURE 2 - 14, continued. Measures. of differentiation at various 
levels of gene flow. The panels for frequency of 
each gene frequency clasg are arranged as in the maps. 
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• predict, decreased gene flow results in greater variation in gene 
frequencies among denies - the "differentiation" of Wright and others- 
• 	• 	but not necessarily differentiation of areas. There seems to be an 
optimal level of gene flow at which areal differentiation is 
greatest. For the 30 by 30 hexagonal array of denies of .50 individuals 
each the optimal g is about 0.30. On the basis of mean diffrentiated 
area size near equilibrium, (see section 2.32, p. 2-16) the number of 
individuals breeding in allochthonous denies (Ng) which give rise to 
maximum areal differentiation is always greater than the maximum N 
which favours "differentiation" as measured by the differentiation 
ratio. At the optimal rate, gene flow keeps the similarity of nearby 
denies high but permits areas to diverge. If the rate is lower then 
each individual deme will fluctuate too .much for gene flow to act as a 
"cohesive force" (Dobzansky, 1941, Nayr, 1942); if the gene flow is too 
great it will "swamp out" local differentiation (Mayr, 1942, etc.) In 
none of the models did stable morphotones evolve, although dines were 
steepest at optimal Ng. 
Uniform density, or spatially uniform deme size (N) is extremely 
unlikely in nature (Allee, etal., 1949, Andrewartha. and Birch, 1953, 
Southern, 1966b, Pielou, 1969, and almost any issue of 
Variation in species density may be exhibited in two ways: (1), barriers 
to dispersal, and (2), inter-deme variation in population size. 
Effective deme sIze is reduced near barriers because dispersing resi-
dents may not be replaced by aliens. One would expect a priori more 
differentiation in species with spatially variable deme size compared 
to constant N, because the total effective population size of the 
species is smaller (Gadgil, 1971, Wright, 1940a), and the local van-
ation in N increases the between-dame variation in genetic drift 
rate (Wright, 1931, 1940a,b, 1969). 	• 	 . 
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Figure 2-15 is a hypothetical example of the effect of barriers. 
Similar results are obtained with other parameters. The demes or 
groups of demes near barriers differentiate more strongly than those 
with gene flow from all six neighbors. As in the previous models 
areal differentiation may evolve without barriers, but is stronger 
and more stable when barriers are present. Of special interest is 
that a group of dames which differentiates near a barrier, more than 
others away from the barrier, can act as a centre of differentiation, 
• giving riseto a differentiated area which does not correspond to the 
barrier. Barriers need not restrict_gene flow from all directions to 
be effective as differentiating agents; even restriction in one 
direction accelerates the process. 
Data from the microgeographical distribution of the grasshopper 
Myrmeleottetix maculatus provides excellent material for investigating 
the effect of variable deme size. Like many grasshoppers (White, 
1968, White, etal., 1967), Myrmeleottetix has a very limited disper-
sal and a very patchy distribution (Hewitt and Brown,' 1970, Hewitt 
and John, 1970a,b, Hewitt and Ruscoe, 1971). Dr. Godfrey Hewitt, who 
has been studying. "B" chromosome clines in N. maculatus very kindly 
mapped its fine distribution on the Ben Goginen mine in Wales for the 
author, and provided unpublished information on the dispersal rates 
of these annual grasshoppers. Using all available data, Dr. Hewitt's 
study area was transformed into a series of dames of varying sizes in 
a hexagonal grid to be used in simulations (fig. 2-16). The distance 
between dames was estimated to be 8 yards and g=0.20 as an approxima-
tion. A typical result after 500 generations is found in figure 2-17, 
and the results for the high density areas in two more simulations 
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Welsh mine with resident MtieleOtéttithaáUlatus. 
A, from fig. 2-17,; B,C, two more simulations. 
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differences in gene frequencies can evolve as a result of genetic 
drift and gene flow; groups of small demes may become very different 
from adjacent large denies, and large populations separated by small 
demes may become significantly different from each other. Large 
. populations do not necessarily "swamp out" small ones even though 
f they may be sending out greater numbers of individuals. The greatest 
differentiation occurred in the centre of the mine, and not at the 
periphery of the distribution as one might expect. It is at the 
centre (Uchaf) where the greatest reticulation of barriers and varla-
tion in deme size is found. 
In all of the simulations of random genetic drift and gene flow 
- 	which the author has run, the mean area size of strongly differentia- 
ted areas (using the most generous thresholds) did not become larger• 
than about 15 denies, even after many hundreds of generations with 
optimal Ng. Given the estimated dispersal rates (which may be over-
estimates, section 2-1) of Cepaea (Lainotte, 1951, Murray, 1964, 
Goodhart, 1962, 1963, Cain and Currey, 1968) and Partula (Clarke, 
1968), this would mean area effects of 30,000m 2 and 4700m 2 re-
spectively. The area effect for Brown Shell in Cepaea nernoralis, 
in the Marlborough Downs covers an area of about 6km 2 (from map of 
Cain and Currey, 1963a), and for purple shell in Partula taeniata 
about 3km2 (from map of Clarke, 1968). Thus, although random genetic 
drift may produc.e area effects, it produces them on a much smaller 
scale than is actually observed innature (1km 2 = 106m2). 
In the.simulations of the present author, and of Rohif and 
Schnell (1971), the extent of differentiation by random genetic drift 
was very much.below that observed in area effects, except for very 
low g. For intermediate 9 the range of gene frequencies was about 0.3 
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to 0.7. Adjacent demes rarely had a difference in gene frequency 
greater than about 0.3, and such differences were usually not associ-
ated with large differences nearby, or in regular patterns. This is 
in marked contrast to area effects, which show a great range in gene 
frequeicies, and regular patterns of between sample gene frequency 
differences greater than 0.3 and often as much as 0.6 (Cain and 
• Currey, 1963, Clarke, 1968, 1971, Arnold, 1968, Carter, 1968). In 
the simulations such large differences were only obtained with very 
low gene flow, which was associated with a lack of areal differentiation. 
• 	Random genetic drift is not the only source of random variation 
in gene frequencies among demesor neighborhoods. An additional 
.... 	actor is the sampling error of gene flow. All previous models and 
simulations have assumed that gene f1owisdeterministic and that all 
random changes in gene frequencies resulted from sampling error be-
tween parents and zygotes. The variance of gene flow was assumed to 
be zero (implicitly), and the gene frequency of the nonemigrating 
natives was assumed to be exactly equal to all natives before gene 
flow. However, emigrating natives may not be a representative sample 
of their parental deme by chance. 
small N and g. Therefore p, inS( 
the -g(p - ) term in formula (3). 
sentative of the mean of the demes 
This would be especially true for 
may be different from p in 
Similarly, p may not be repre-
providing aliens to deme x. In 
addition, variation about the mean gene flow rate, g, will cause 
fluctuation in the effect of gene flow on Ap each generation. Thus 
it is necessary to introduce an additional drift term into 
equation(3). 
= -(P - ) ~ o(p,N) + Y(,pN,P) • 	 . 	 • (4)., 
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• The gene flow drift term, y(g,p,N,), is a randomly determined 
variable with a mean zero and a variance which would be a function of 
(l_g)/N, gP(l_p)/2N, and the gene flow sampling variances of the 
immigrants making up p. Apparently no one has investigated the effect 
of sampling error of gene flow. Disregarding this additional factor 
results in a consistent underestimate of the ability of random 
processes to produce differentiation; Ap depends upon the relative 
magnitude of gene flow and all drift factors. 
	
Simulations including gene flow drift as well as genetic 	/ 
sampling drift were run using several sets of parameters. Each in-
dividual in each deme, each eeneration, was assigned a number drawn at 
random from a rectangular distribution of values between 0 and 1, 
inclusive. The individual's number not ,only determined its genotype 
(probability p 2 , 2p(l-p), or q 2  ) as in the earlier simulations, but 
also whether or not it left the parental deme (probability g or 
(l-g) ), and if it left, to,which of the neighboring denies it repro-
duced in (probability g/6). The method is describedinappendix 2. 
Figure 2-20 illustrates a typical result for a 50 by 50 hexagonal 
grid of denies, compared with an otherwise identical simulation with 
deterministic gene flowfr Dame size (N) is 10 and gene flow rate is 
g= 0.20. Although differentiation is greater with stochastic gene 
flow, the mean and maximum area size and extent of differentiation is 
still very much smaller than naturally occurring area effects. In 
some cases the differentiation into areas was actually less for stoW-
chastic gene flow.compared with the same set of random numbers for 
deterministic gene flow. 
We must therefore look for factors additional to random drift 
to account for morphotones. • 	 : 
:llt 	iL 
Section 2.5. Environmental Gradients 
It is most unlikely that all genotypes will have exactly equal 	. 
mean survival and reproductive rates for more than a short period of 
time. Under conditions of random genetic drift and gene flow, what 
happens in a few generations may determine the general spatial 
pattern of gene frequencies for the next thousand generations or 
more (section 2.4). Therefore an environmental factor which is I 
geographically variable within a species range, but only acts once 
or twice in hundreds of generations, is sufficient to maintain areal 
differentiation of gene frequencies, although it would have to act 
more continuously to maintain niorphotones. This makes it extrnely 
difficult to distinguish in practice between selection and genetic 
drift as causes of areal differentiation and area effects which are 
less than about 15 denies or neighborhoods in area. From the point 
of view of raciation and speciation, however, it is the larger dif-
ferentiated areas which are of interest, and one would expect that 
most environmental factors would act more continuously. 
The majority of environmental factors are found in gradients 
rather than in two or more spatially distinct zones separated by 
abrupt changes '(Allee, etal., 1949, Theinexnann, 1950, Andrewartha 
and Birch, 1953, Clarke, 1953,. Geiger, 1966). Broadly speaking, a 
species has a tolerance, and within that a preference, for a 
particular zone on an environmental gradient, and its maximum abundance 
is found at some intermediate optimum position (Figure 2-21a, Lenz, 
1931, Vouk, 1939, Thienemann, 1950). The range of tolerance of a 
species is its ecological valence (Theinemann, 1950), or its ecological 
amplitude (Terborgh, 1971). The abundance curve of a species on a 
2-37 
2-38 
gradient reflects the spatial pattern of its survival and repro-
ductive rates. The probability of survival from zygote to successful 
reproduction will hereafter be referred to as the probability of 
absolute survival, survival value, or fitness (relative fitness will 
' 	always be referred to as relative fitness). Absolute survival is at 
a maximum at the optimum position on the gradient, and decreases 
with increasing distance from the optimum, forming the survival or 
fitness curve (figure 2-21a). The area under the survival curve is 
directly related to the mean absolute survival of the species as 
whole. 
Similarly, a given individual will have its own range of 
tolerance and optimum on a gradient; a function of the various 
genetic and environmental factors operating during its lifetime. The 
species valence is made up of the aggregate of individual valences and 
fitnesci curves. Levins (1962, 196 	terms the shape and the area, 
under the aggregate survival curve the "fitness set". 
In a polymorphic species with two or more morphs ihich are 
affected by an environmental gradient, the species valence may be 
made up of two or more major groups of individual valences, corres-
ponding to the morphs (figure 2-21b,c,d). If the mean valence and 
optima of!the morphs are roughly the same, and all individuals are 
very sensitive to the position on the gradient (small individual 
valences), the,species will be stenotopic (figure 2-.21b). If the 
mean optima of the morphs are the same, but the action of the en-
vironmental factor is not so strong (large individual valences), the 
species will be eurytopic (figure 2-21c). If the morphs have different 
mean optimum positions, and different morph frequencies are found 













FIGURE 2- 21 Ftnss curves onan environmental gradient 
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(figure 2-21d), It is in amphitopic and polytopic species that en- 
- vironmentally induced dines are most likely to be found. (For a 
recent discussion of.stenotopy, eurytopy, amphitopy, and polytopy, 
and the species range, see Udvardy, 1969). 
The spatial survival curve of a given genotype may or may not 
correspond with the other genotypes. In a "neutral" character, or a 
character which is not affected by the gradient considered, all 
genotypes will have identical fitness curves; the same optima, 
valences and mean survival. Any difference in one or more of these 
three characteristics of the fitness curve results in differential 
survival among the genotypes, or selection. Figure 2-22 illustrates 
a few of the many possible conditions giving rise to selection, and 
the resulting equilibrium configurations in the absence of gene flow 
along the gradient. 
Let W1 (x), W2 (x), and W3 (x) be survival functions of position 
on the gradient, x. Let W be the fitness function for genotype AA, 
for Aa, and W3 for aa. 
In figures 2-22a thqugh d, examples are given for genotypes 
with equal optimum positions; the species is stenotopic or eury-
topic with respect to thie gradient considered. In 2-22a and b, the 
genotypes differ in mean probability of survival only (the area under 
their W curves); the implicit assumption in the classical population 
genetics formulae. In figure 2-22a the heterozygote has an 
identical mean survival to homozygote AA (W 1 (x)= W2 (x) for all x), 
and the mean survival of recessives is less than AA or Aa. In this 
situation, gene A would eventually become fixed throughout the species 
range. In figure 2-22b the heterozygote has a greater mean fitness 
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FIGURE 2 - 22. The effect of differing fitness curves. 
Balanceppolvmorphism 
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will give rise to a balanced polymorphism throughout the species 
range. 
In figure 2-22c and d the genotypes differ in valence as well 
as in mean probability of survival. In figure 2-22c the heterozy- 
mean survival is less than the homozygotes, but has greater 
probability of survival at or near its optima than do the homo-
zygotes. This will result, in this case, if fixation of gene A near 
the periphery of the species range, but balanced polymorphism In 
the central part of the species range. Fixation at the periphery 6f 
species range is thus not necessarily a result of small population size, 
and, or, of restricted gene flow (as suggested by Mayr, 1963). In 
figure 2-22d the valence of the heterozygote is greater than either 
homozygote, and has a lower optimal survival than one homozygote. 
This will result in a balanced polymorphism at the periphery of the 
species range, and near fixation of gene A (in this case) near the 
centre. Such would be the case, if, for example, heterozygotes were 
better adapted for a wide range of conditions, but did not do as 
well as homozygotes at the optima. 
In figure 2-22e and f two examples are given with differing 
optimum positions (polytopic species). In figure 2-22e the optima 
are relatiyely close together. This will give rise to an area fixed 
for gene A adjacent to an area fixed for gene a. In figure 2-22f 
the optima are further apart, and are distant enough so that the ab-
solute fitness of the heterozygote is considerably greater than 
either homozygote in the centre of the species range. This will give 
rise to an area fixed for A adjacent to an area polymorphic for A 
and a, which is adjacent to an area fixed for gene a. 
In general, if a given individual is a genotype with a greater 
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overall survival (often observable as greater area under its abundance 
curve in nature), and is physically close to its optimum position on 
the gradient, it will have a greater absolute probability as well as 
greater relative fitness compared with other genotypes in amphitopic 
and polytopic species. If Itis not close to the genotypic optimum, 
its relative fitness in a given locality may be less than one or more 
than the other genotypes in the same locality, even though its mean 
fitness (area under fitness curve) may be greater (figure 2-22c,d,e,f). 
Overall mean survival values do not predict the outcome of a poly-
morphism without reference to the geography of local survival values; 
neither does calculation of genotype fitness at one -locality necessari-
iy predict the fitness at other localities. 
- 	If a dine is to form it is most likely to form in the region 
between the genotypic optima, where net genic selection changes 
direction. Such a position will be called the null point (np). In 
many. species it'.is difficult to measure differential fitness among 
the genotypes; this suggests that the genotypic optima are spatially 
close to one another, and the fitness curves are similar, •giving rise 
to gentle differential selection gradients (figure 2-23a). When 
the differences in measureable selection are much greater, the optima 
are likely, to be further apart (figure 2-23b). Figure 2-24 illus-
trates eight ways in which absolute survival values of three genotypes 
may be arranged on a gradient., 
A. In the dominant gradient model the absolute fitness of AA(W 1) 
and Ag. (W2) are equal in each dame, and form a selection gradient of 
different slope from that of genotype aa (W 3), as in figure 2-24a. 
Such would be the case if, for example, the probability of survival 
of dominants increased in a transect up a mountainside whilst the 
probability of survival of recessives decreased. Kimura (1958) 	' 
analyzed this model mathematically, using relative fitnesses. 
Cl) 
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In the intermediate gradient model the selection gradients of 
each genotype are different, and at some point (the null point) all 
fitnesses are equal (figure 2-24b). For example, this would happen 
if the position of the optimum for heterozygotes was located some-
where between the homozygote optima and the genotypes had similar 
fitness curves; in other words, in a transect up a mountainside in 
the vicinity of the optima, the survival of homozygote aa might de-
crease and the survival of Aa and AA might increase with distance at 
differing rates. Fisher (1950) and Slatkin (1971) analysed special 
cases mathematically, using relativeTfitnesses. In terms of absolute 
survival values, heterozygotes in Slatkin's model were everywhere 
exactly intermediate between the homozygotes at the same location 
(W2 (x)= [W1 (x) + W3 (x)]/ 2 . Slatkin'smodel (1971) is the opposite 
extreme to Kimura's (1958) model.* 
In the heterozygous advantage model the selection gradients 
of homozygotes (W1 and W 3  ) have different slopes, and the probability 
of survival of heterozygotes is always greater than either homozygote 
by a minimum value h 1 (figure 2-24c). This would happen, if, for 
example, the optimum and mean fitness bf heterozygotes was greater 
than either homozygote, and the heterozygote optimum was between the 
homozygote optima. The special caie of heterozygotes having a con-
stant fitness ecual to 1.0 and W3 (x) = 1 - W1 (x) has been considered 
mathematically by Clarke (1966). 
In the local heterozygous advantage model the probability of 
survival of heterozygotes is always greater than either homozygote in 
the same position by a constant amount h2 (figure 2-24d). 
*Slatkin's (1971) mathematical study duplicates some of the author's 
work, but was done independently. 	 - 
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In the restricted heterozygous advantage model the survival 
gradients are all different as in B, but in a restricted zone the 
heterozygotes have a greater probability of survival than either 
homozygote (figure 2-24e). This is probably one of the most realistic 
models as it is unlikely that at any one location all fitnesses 
/ could be exactly equal. This model applies to almost all cases in 
which positions of optimum survival or, and, valences of each genotype 
- are unequal. 
In the restricted heterozygous disadvantage model the 	I 
survival curves are all different as in B and E, but in a restricted 
zone the heterozygotes have a poorer absolute probability of survival 
than have either of the homozygotes at the same position (figure 2-24f). 
This Is also a fairly realistic model, as in E, but the optimum and 
mean survival of heterozygotes is smaller, It could also happen if 
the position of the optima of the heterozygote was nearer to one 
homozygote, its overall mean fitness low, but its ecological amplitude 
high. The same situation would give model E if the mean fitness of 
Aa was greater. 	 - 
In the heterozygoi.Is disadvantage model the absolute survival 
of heterozygotes is always less than either homozygote (figure 2-24g). 
This would happen, if, for example, the mean fitness of heterozygotes 
was less than either hotnozygote, or if the optimum position of 
heterozygotes was far from either homozygote, but its valence high. 
It would be expected in contact zones between incipient species, or 
in caseswhere, the "alleles" are actually chromosome arrangements 
(White, etal., 1964, 1967). 
In the local heterozygous disadvantage model the probability 
-- of survival of heterozygotes is always less than either homozygote in 
the same position (figure 2-24h). This would happen if, for example, 
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the optimum position of heterozygoteg was between the optima of the 
homozygotes, and the mean fitness and valence of heterozygotes was 
low. Such would be the case in the earlier stages of the development 
of pre- or post- mating sexual isolation. 
I. An additional model is the frequency-dependent model (not 
illustrated), in which the probability of survival of each genotype 
is related to both its position on the gradient and its frequency at 
that position, by the relationship: 
W1 (x)l-s(U.-f(x)),i=l,2,3: 
where U1 is the frequency of genotype i, whose "focal frequency", 
f 1 (x), depends upon the genotype's position, x, on the gradient, and 
s is the "strength" of the frequency-dependent relationship. The 
• 
	
	focal frequency is the optimum genotype frequency for a given position, 
or the genotype frequency at which the probability of survival Is at 
- a maximum for that position. Thus model I incorporated Clarke's 	- - 
-. (1964) model of frequency-dependent selection. Focal-frequencies 
must not be confused with the optimum position on the gradient. In 
the frequency-dependent model (model I), the optimum position for a 
given genotype is the location on the gradient with the maximum focal 
frequency for that genotype. 
Figures 2-25, 2-26, and 2-27 illustrate the equilibrium dines of 
each of the models withLLO% gene flow (gO.0) in a linear series of 
d=50 denies, each with a population size of N=100 individuals. I, I, 
and 13 will represent the difference in absolute fitness between 
adjacent demes for genotypes AA, Aa, and aa, respectively. In the 
illustrated models I of a given genotype will be Constant throughout 
the deme series; we will be examining only a small portion of the 
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• 	 - 
Deterministic and Monte Carlo simulations were carried out to 
obtain the equilibrium dines, using a wide variety of selection and 
gene flow parneters. The programmes are found in Appendix 2. 
• 	Because the Monte Carlo runs did not differ significantly from the 
' 	deterministic simulations, only the latter will be illustrated. A 
stochastic run for model B is shown in figure 2-28 for comparison. 
The dominant Rradient model (A) produces a dine with a well 
defined morphotone in the vicinity of the null point (figure 2-25a). 
- As found in Kimura's continuous model (1958), the steepest part of 1 the 
dine is at a gene frequency slightly above 0.4. The intermediate 
• • 
	
	gradient model (B) produces a very similar dine which is more sym- 
metrical and slightly steeper (figure 2.-25b). If the fitnesses of 
heterozygotes are always exactly intermediate between the homo-
zygotes in the same denie (as in Slatkin, 1971), the steepest part of 
the dine goes through P= 0.5 at the null point. The more similar 
to one of the homozygote fitness curves, the further the equi-
librium gene frequency at the null point (np) will be from 0.5; if 
W is more similar to W then 	will be closer to 0.4, and if W 2 	 • 	 1 	np 	 2 
is more like W then 	will be closer to 0.6. The steepest part 
of the dine always corresponds to the null point in models A and B. 
The form of the dine is similar for other values of N, g, and I, I, 
13 •. Clines are steeper for larger I (figure 2-31a), or steeper 
selection gradients.. 
The heterozygous advantage model (C) produces a straight linear 
dine (figure 2-25c) as shown by Clarke (1966). Its slope depends 
upon the amount of heterozygous advantage (h 1 , figure 2-24c), and 
the slopes (I) of the homozygotes' selection gradients. The slope of 
the dine -is steeper- if- either or both homozygotes have steeper 
selection gradients (larger I), and is more gentle if h 1 is larger 
(figure 2-29a). The strength of heterozygous advantage, h1 hasa - 
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greater effect on the slope of a model C dine than any other para-
meter. 
The local heterozygous advantage model (D) produces a dine with 
a morphotone in the vicinity of the null point as do the gradient 
models (figure 2-25d). The dine becomes more gentle, and the morpho-
tone less distinct as h2 increases, even for large I, as in model B 
(figure 2-29c). As h2 approaches zero model D approaches one of the 
gradient models, depending upon the form of the fitness curves 
2-29b). 
• 	 The restricted heterozygous advantage model (E) and the restricted 
heterozygous disadvantage model (F) produce dines with morphotones as 
in the gradient models (figure 2-26a and b). Model F produces steeper 
dines and more distinct morphotones. than does model E as one might ex-
pect, but the differences are not very great. As in all models the 
steeper the selection gradient, the steeper the dines. As h1aPproach_ 
-- 
	
	es one of the gradient models, depending upon the shapes of the 
fitness curves (figure 2-29c). 
The heterozygous disadvantage model (G) produces the steepest 
dine and most distinct morphotone of any of the models, as one would 
expect from the low fitness of heterozygotes (figure 2-26c). The 
local heterozygote disadvantage model (H) also produces very distinct 
morphotones (figure 2-26d). The effect of different slopes of 
selection gradients is less than in models A through F. 
The frequency-dependent model (Z) produces a dine which depends 
upon the spatial arrangement of the focal frequencies (f1 , f 2 , f 3 ) 
among the demes. If the focal frequencies are arranged as the Hardy 
Weinberg ratios in a given position on the gradient and the Hardy- 
Weinberg ratios are arranged as in a linear series of gene frequencies, 
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(fig. 2-27a) then a linear dine is formed (figure 2-27b). The 
Steeper the slopes of the focal frequencies the steeper the dines, 
as in the previous models. The strength of frequency-dependence (s) 
affects only the resistance of the dine to the effects of gene flow. 
The nine models produce basically two kinds of dines; a sig-
moid dine with a well marked morphotone (models A, B, D, E, F, C, H), 
and a smooth linear dine (models C1 ..and I with focal frequencies 
arranged as in figure 2-27a). All dines would be expected to be 
made smoother and more gentle by the effects of gene flow. The 
effects of varying levels of gene flow (g) are shown in figures 2-30, 
2-31, for four models and both classes of dines. 
Figure 2-30 and 2-31 (from Endler, 1972, appendix 3) illustrate 
the effect of various amounts of gene flow on the intermediate gradi-
ent model (B), the heterozygote advantage model (C), the local hetero-
zygote advantage model (D), and the frequency-dependent model (I), 
for d50 demes and N=100 individuals per deme. Similar results 
were obtained for other values of d and N. 
The intermediate gradient model (B) produces a dine with a well 
defined morphotone for all but the weakest selection gradients 
(figures 2-30a and 2-31a). The greatest effect of gene flow on slope 
is found at low levels of gene flow and weak selection gradients 
- (low g and I's). As the slopes- of one or more selection gradients 
- increase the attenuation of slope due to gene flow is progressively 
reduced (figure 2-31a). For very weak gradients (I's very small) 
the differentiation into two adjacent areas of high and low gene fre- 
quency may be reduced, but for moderate to strong selection gradients 
the differentiation may be very sharp, even for 100% gene flow 
(g= 1.0 in figure 2-30a). It should be emphasized that in this and in 
g: •,o.00 	+0.20 A,0.50 .1.00 Gene Flow 
I 
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the other models there Is no sharp environmental change (figure 2-24). 
- 	 The heterozygous advantage model (C) produces a roughly linear 
• dine for all levels of gene flow except near the edges of the deme 
\series (figure 2-30b). For a given selection gradient (I = 1 3 = 
0.0125, 13 = 0.0 in figure 2-30 b) there is negligible change of 
slope for increased gene flow )figure 2-30b, 2-31b). Gene flow has 
a slightly greater effect when the dine in the absence of gene flow 
is nearly flat. Random fluctuations in a natural dine following 
this model would probably obscure any differences due to gene flow. 
The amount of heterozygous advantage (h 1) is the major determinant of 
clinal slope in model C. 
The local heterozygous advantage model (D) produces a dine with 
a morphotone in the vicinity of the null point as in the gradient 
models (figure 2-30c). For small values of local heterozygous advan- 
- 	tage, h2 , the dines and morphotones for various values of g approach 
those of the gradient models. As a-result of the morphotone, the 
effect of gene flow is more noticeable than it is in model C, 
especially for weak selection (small h 2 in figure 2-31c), but the • 
dines produced are nearly as insensitive to thw effects of gene flow 
-as is model B. Like the gradient model, most of the attenuating effect 
of gene flow takes place for small values of gene.f low (O<g<0.3), and 
progressively decreases for the same changes around large values of g. 
However, for very large magnitudes of gene flow, there is still a well 
• defined morphotone (figures 2-30c and 2-31c). 
The frequency-dependent model (I)- produces a dine similar to 
model C in form and properties (figure 2-30d). For moderate to strong 
selection intensities (s>0.1) the effect of gene flow is very small, 
but for very weak sêlection (s<0.l) the dine may become noticeably 
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flattened for thelargest levels of gene flow (figure 2-31d). 
Models B, C, E, F, and G are distinguished primarily on the 
position of the heterozygote's fitness curve. Rearranging the models 
in order of decreasing mean fitness of heterozygotes, with the same 
homozygote fitness curves, we have C, E, B, F, and G (figure 2-32). 
With decreased heterozygote mean fitness the slope of the resulting 
dines is steeper, morphotones are more distinct, and sensitivity 
to gene flow greater. 
On the other hand, the effect of assortative mating is very much 
less. Figure 2-33 illustrates the effect of various levels of posi-
tive assortative mating on model A. The assortative mating model is 
that of O'Donald (1960). There is almost no change in the gene fre- 
quency dine when assortative mating is.. varied between 0 and 100% 
although the genotype-frequency dines become steeper. 
In all the models the effect of gene flow is small, and does not 
prevent the formation of morphotones on smooth environmental gradients. 
Differentiation into two areas of high and low gene frequency can 
evolve along smooth selection gradients with differences in absolute 
survival between; adjacent denies as little as 1=0.0008 in spite of 
- 	considerable gene flow (figure 2-31a). Such fitness gradients would 
be difficult to measure in natural populations. Large amounts of 
selection and sharp environmental cnges are not required to allow 
morphotones to evolve. 
The same conclusions apply to demes arranged on a hexagonal array 
in two dimensions, except that the effect of a given level of gene 
flow (g) is much less. In the linear series of demes a given denie 
consists of a fraction g of aliens after gene flow, and adjacent denies 






FIGURE 2 - 32. The interrelationships among the models. The horizontal 
line in the right-hand panels represents various levels 
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denies a given deme also consists of g aliens after gene flow, but 
adjacent demes exchange only 9/6 individuals. Thus, along a linear 
transect through a hexagonal array of denies, along an axis of gene 
flow, the gene flow along the transect is g/6 compared to g12 if the 
transect were along a linear series. Thus the slope of a dine for 
11 g0.6 (for example) in the two dimensional grid, is equivalent in 
slope and conformation to a dine on a linear series with g=0.20. 
Figure 2-34 illustrates the result of model B 1i = 1 3 = 0.025, 
12 = 0) with g=0.20, and each deme containing 10 individuals. 
-. Figure 2-34 is a Monte Carlo simulation. 
The conclusions also apply to more than one locus, even if the 
loci are linked. Using model B ( 11=13=0 . 0015 , 12=0) in a two-locus 
model for both Iôëi independently, the fitness gradients for locus A 
were made to go from left to right and the fitness gradients for 
locus B were made to go from top to bottom on the hexagonal array of 
denies. Alleles A and B were assumed to be dominant and noninteractive 
and the probability of survival of a given phenotypewas determined by 
the product of the fitness of phenotype with respect to locus A and 
P1 
locus B in the phenotype's deme. Recombination was 0.001, and 
initially all denies had 50% of each gene, but only "coupling" chromo-
somes. The resulting gene frequency dines are found in figure 2-35 
and the phenotype frequencies in figure 2-36. It can be seen that 
the low level of recombination does not prevent the formation of per-
pendicular dines for both loci and independent morphotones in each 
dine. The four phenotypes (and the chromosomes) segregate spatially 
into four distinct areas (figure 2-36) with very distinct morphotones 
between them. There are no sharp changes in the environment at any 
part of the area. All selection gradients are smooth; W1 ranges from 
ndg ene B (heio:) frequency dines in 
a two-locus nodel with 0.1% recombination. Legend as 
in figure 2 - 10. 
A b 
bA at 
FIGURE 2 - 36. Phenotype frequency dines in the two locus model. 
Legend as in figure 2 - 10. 
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0.45 through 0.55, W 2 is constant and equal to 0.50, and W 3 ranges 
from 0.55 through 0.45, from left to right for locus A, and from top 
to bottom for locus B. Such changes in selection would be extremely 
difficult to detect in a natural population. This is one possible 
explanation for the apparently independent area effects for linked 
loci observed in Cepaea (for example Cain and Currey, 1963a, 1968, 
Wolda, 1969a,b, Jones, 1971) and Partula (Clarke, 1968, 1971). 
There is no reason, of course, why these area effects should result 
from selection following model B; there are at least seven other 
models which would yield the same spatial pattern! (A,D,E,F,G,H, and 
I if focal frequencies are not arranged for a linear change in gene 
frequency, see also section 2.6) 
If all components of selection are known, the steepest part of a 
dine, or its morphotone (if present) will fall in the vicinity of 
the null point. However, in many cases we may not be able to measure 
all components of fitne. This is an especially difficult problem in 
interpreting natural dines because the morphotone expected as a 
result of one component of fitness may be shifted away from the known 
null point, or may be destroyed, by additional selective factors. 
Taking model A as an example, consider a linear series of d30 
denies, each with N=lOO individuals, g0.20, W1=W2 , and Il=1213  0.01. 
(I = difference in selection between adjacent denies). Let W and W 2 
range from 0.75 through 0.46 and W 3 range from 0.25 through 0.54, 
giving a null, point at deine 26. As expected this yields a sigmoid 
dine with a morphotone centred around denie 26. (Curve a, figure 2-37a). 
Now, suppose that for some reason, allele A has a dominant deleterious 
effect throughout the deme series which is independent and additional 
to the clinal selection. As the deleterious effect of A is increased 
the morphotone is shifted away from the position predicted on the 
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basis of the null point of clinal selection only (figure 2-37a). The 
morphotone is shifted in the direction of the deleterious gene in 
proportion to the reduction of fitness of AA and Aa. The shifting is 
greater if the slope of selection gradients are smaller. 
Now suppose the deleterious effect is only found in homozygotes 
(AA). In this case the morphotone is destroyed (figure 2-37b) as 
the overall selection pattern follows model C; heterozygous advan-
tage throughout the deme series. 
Now suppose the deleterious effect is exactly intermediate in! 
dominance; heterozygotes have a smaller probability of survival than 
aa homozygotes (aside from clinal selection), and the probability of 
survival of AA genotypes is half that of heterozygotes. Again the 
tnorphotone is destroyed (figure 2-37c),. This condition results in a 
combination of models B and C; in the deities to the left of deme 18 
there is heterozygous advantage, but heterosis disappears to the 
right of deme 18. The spatial change from heterozygous advantage to - 
intermediate dominance is gradual, yet can, under certain conditions, 
give rise to a morphotone at the changeover point. This additional 
cause of morphotones may also be extracted from the models of Levins 
and MacArthur (1966) and Slatkin (1971). 
It is therefore necessary to measure all components of selection 
in order to thake progress in explaining a given natural dine. 
Even if all components of the probability of survival of each 
genotype have been mapped, a morphotone may still not correspond to 
a known null point as a result of asymmetry in gene flow. Dispersal 
is not always exactly nondirectional (A]lee, etal., 1949, Haskins, et 
'al., 1961, Johnson, 1969). For example, Kerster (1964) found a small 
displacement in the mean position of Sceloporus olivaceus lizards after 
all -phases of dispersal. To explore the effect of a biasing 
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environmental factor, such as wind or stream flow, may have on a dine, 
an asymmetry parameter, sy, was introduced into the simulations. For 
- the linear series of denies a fraction sy.g of each genotype move into 
the deme on 'the left, and a fraction (l-sy).g move to the deme on the 
right of the parental deme. The parameter sy is a coefficient of 
asymmetry and varies from 0 through 1, and represents perfect symmetry 
when sy=0.500. In all previous models sy was assumed to be 0.500.. 
Figure 2-38 illustrates the effect of symmetrical gene flow and 
several degrees of 'asymmetry on models B and C (from Endler, 1973)?. 
The results for other models are very similar. For a given asymmetry 
of gene flow (sy) the entire dine is shifte4 in the direction of the 
dispersal bias in proportion to the given degree of total gene 
flow (g). A greater asymmetry (sy more'different from 0.500) will re-
suit in an increased shifting effect for each dispersal value (g), but 
has little effect on the slope of the dine. Thus an asymmetry in 
gene flow may shift the geographic location of a morphotone between 
differentiated areas without effecting the extent of the differentia-- 
; 	tion (Endler, 1973). The amount of shifting for various levels of 
gene flow and asymmetry is summarized in figure 2-39. If the slopes 
of the fitness gradients are smaller the amount of shifting will be 
greater than if the slopes are steeper. 	 If the gradi- 
ents are quite gentle, even a small asymmetry will shift a model B 
morphotone through many denies. ,A morphotone may not therefore, 
correspond even with an overall null point. 
Up to now we have been assuming that all demes are of equal 
population size.(N). Any variation in population size affects the 
amount of gene flow between demes since the number of moving in-
dividuals is Ng; a large deme will Itexport more individuals than a 
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leaving (g). This is aside from possible crowding effects (Section 2.1, 
Cain and Currey, 1968, Sa*kai, et a1., 1958, Narise, 1968, 
Christian, 1970). Thus the effect of demes with low population size 
is equivalent to a partial barrier to gene flow. The effects of 
actualpartial-barriers to gene flow and variation in population 
f size are very similar, and only the effects of variable population 
size will be illustrated. As correctly pointed out by Womble (1951) 
the effect of a partial barrier is to increase the differentiation 
across the barrier .(figure 2-40, see also section 2.4) in proportion 
to the "strengtht' of the barrier. As the zone of small population size 
is reduced relative to the rest of the deme series the differentiation 
becomes greater, and in some cases (Models A,B, E, F) a morphotone 
may be formed (figure 2-40a). Models withheterozygous advantage, 
however, are remarkably insensitive to barriers to gene flow (figure 
2-40b). Perhaps this would explain the numerous cases of absence of 
morphotones in the vicinity of barriers, as in the House Sparrow 
(Marshall, 1948a,b, Johnston, 1956a,b, Ferrell, 1966), Amathes 
glareosa (Kettlewell and Berry, 1961, 1969), Partula taeniata (Clarke, 
1968), and Lebistes reticulatus (Haskins, etal., 1961.) Models E and 
F are intermediate between C and the others in sensitivity to barriers. 
Partial- badiers'have an interesting property; if a morphotone 
is likely to form within a certain critical range of a partial 
barrier, then it.will be "attracted" to the barrier, otherwise it will 
be unchanged and a second, smaller morphotone will form at the barrier 
(figure 2-40). If several loci are responding to one or more environ-
mental gradients, and all gradients are going in roughly the same 
direction (say ± 20 ° ) but positions of optima and null points are 
different, then dines will not be concordant. However, given one 
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tage) all dines with null points sufficiently near the barrier will 
form morphotones at the barrier, and so will be concordant. Only the 
dines with null points too far away will not be concordant. This 
could easily be happening in the dines for five separate polymorphic 
characters in the butterfly Tisiphone abeona described by Lucas (1969). 
/ 	
All five dines are sigmoid and all but ttdUil  red occe:nar surround" 
show morphotones in roughly the same position. Lucas mentions in 
passing that the bradth of the species range contracts in that region. 
Although partial or èomplete barriers need not be the cause 
morphotones, there are many examples in which morphotones do correspond 
to barriers Among them are ( Cain and.Currey, 1963a, Kettwell and Berry, 
196l, 
 
1969,Lucas 1969, Wolda, 1969b). Even the area effect for 
yellow shell in the Marlborough Downs f ails in this category as the 
sharpest part of the curie in morph frequency corresponds to the limit 
of a major area of land available to Cepaea (Cain and Currey, 1963a). 
Terborgh (1971) has pointed Out that distribution of species on 
environmental gradients will take on a special truncated:  form if theY 
species exhibit competitive exclusion. Similarly, if genotypes exclude 
one another, o' reduce one anothers' probability of survival in the same 
deme, their abundance surves will be truncated relative to their fitness 
curves (figure 2-41). This will either steepen existing morphotones, 
or form them where they are absent (figure 2-42a). If A is dominant 
to gene a, then only one morphotone will form, but if heterozygotes are 
intermediatein fitness or in optimum position, then two morphotones 
will form (figure 2-42b). Morphotones resulting from competitive ex-
clusion will form at one or more null points between pairs of genotypes 
rather than at the null point for net genic selection. 
Lastly, morphotories may form as the result of interaction among 
loci (Clarke, 1966); this will be discussed in chapter 3. 
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The relationship between an environmental factor and the probab-
ility of a zygote's survival to successful reproduction is not neces-
sarily a linear one. For example, the relationship between temperature 
and death rates of several insects and some vertebrates may be ex- 
\ 	ponential or sigmoid (Andrewartha and Birch, 1953, Uvarov, 1931). For 
factors such as atmospheric moisture, the situation may even be more 
complex. -If the critical factor of an animal is evaporation rate 
per unit area, the rate itself depends upon temperature, barometric 
pressure, and the constellation of water vapour pressures at varying 
distances from the animal at a given moment. If the relationship 
between survival and the evaporation rate is also nonlinear, animals 
may find their survival probabilities very different over short dis- 
tances, even though the temperature and the measureable relative humidity 
change only slightly. In addition, the nonlinear relationship itself 
may change with variation in a third or fourth factor. The relation- 
ship between death rate of Calandra'oryzae and saturation deficit x 
time is exportentjal at low temperatures and sigmoid at high temperatures 
(Birch, 194). Microclimatology is. discussed by Geiger (1966), and an 
excellent review of survival rates under differing environmental 
conditions may be found in Uvarov (1931), and Andrewartha and Birch 
(1953). Differences between species described by Birch (1945) and 
Uvarov (1931) suggest ways in which polymorphs may differ on a smaller 
scale. Itis quite possible that many of the cases of morphotones 
- 	in the absence of environmental changes may simply reflect our ignorance 
of the relationship between measureable environmental factors, actual 
environmental factors, and rates of survival and reproduction collectively 
known as fitness. 
-There- are many ways- in which morphotones may form in the absence 
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of sharp environmental changes, but a smooth environmental gradient 
does not necessarily mean the absence of an abrupt change in relationship. 
Section 2.6. Spatially abrupt environmental changes. 
When one finds a morphotone in a continuous natural population, 
the most obvious causal factor to look for is a spatially sharp change 
in the environment; an ecotone near the morphotone. Indeed, even if 
ecotones are not fund in the vicinity, it is often assumed that some 
"cryptic" environmental factor 'changes abruptly near the morphotone. 
As has been demonstrated by Haldane (1948), Jain and Bradshaw (1966), 
Hanson (1966), Livings tone (1969), Cook (1971), and Slatkin (1971), 
abrupt environmental changes do not have, to be large to produce steep 
dines, although the relative amount of gene flow is critical.. Clines 
resulting from abrupt environmental changes have been analysed most 
thoroughly and clearly by Jain and Bradshaw (1966), and the conclusions 
of other authors are not notiab1y different. All published models 
Incorporating ecotones (o.cit.) may be regarded as modifications of 
Models A,B, C, etc, with added ecotones; these will be named A', B', etc. 
The equilibrium dines for models A', B', and D' through H' are 
very similar to models A, B, and D through H (figure 2-43, 2-44); all 
form morphotones at the ecotone provided that gene flow is not great 
and selection is moderate to strong (op. cit.). If selection and gene 
flow are both strong, then the dines resulting from the modified models 
are not distinguishable from the enyironmental gradient.models (section 
2.5) with moderate selection and most levels of gene flow (compare 
figure 2-44 with figures 2-25 and 2-26). When selection is weak, 
however, only a weak dine may be formed (figure 2-45, see also Jam 
and Bradshaw, 1966, Hanson, 1966, Livingstone, 1969, and Slatkin, 1971), 
even for low- levels of gene flow-. 
w 
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Models C' and I' produce different dines from models C and I. A 
model C' dine has a morphotone, especially if the amount of heterozygote 
advantage (h1) is small (figure 2-44b). However, if h 1 is very large, 
the morphotone will be small enough to be buried in the sampling error 
of a natiral dine following this model. Model I' with focal frequencies 
which change suddenly at a certain position in the transect may only 
result in a morphotone dine if the strength of the frequency-
dependence (s) is high and if gene flow (g) is small. If this is not 
the case, then niorphotones will only form for extremely low levels of 
gene flow (figure 2-45b). Generally, model I' morphotones are less 
sensitive to the dedifferentiating effects of gene flow if the focal 
frequencies change through a large number of values,suddenly over a 
short distance. 
Clines resulting from sharp environmental changes differ from 
environmental gradient dines cheifly in their comparative sensitivity 
to the leveling effect of gene flow. For low levels of gene flow, 
morphotones associated with ecotones are more distinct than those 
associated with environmental gradients (compare figure 2-44 with 
2-25). However, differentiation across an ecotone rapidly becomes 
"swamped" at higher levels of gene flow, while the same gene flow 
would have little effect on a dine resulting from an environmental 
gradient. This is particularly true for weak selection accross an 
ecotone, wherethe cumulative effects of selection do not build 
up slowly with distance. Clines resulting from environmental 
gradients are less sensitive to the effects of gene flow than 
ecotone dines because aliens are less likely to come from demes 
with drastically different selective regimes. Furthermore, in 
gradient dines, a given deme will be subject to gene flow from demes 
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with, say, reduced selection against one genotype, and gene flow 
from demes on the other side with increased selection against the 
same genotype. If the gradient is reasonably smooth gene flow 
-from up and down the gradient will be self-cancelling; the mean 
gene frequency of aliens will not be - appreciably different from 
the residents (Endler, 1973). This is not the case in the vicinity 
of ecotones. 
If two sets of demes occupy different spatially constant envir- 
- orunents, separated by an ecotone, then the operation of an additional 
selective factor will not shift the dine as it does if the fitness 
curves have nonzero slopes (see page 2-51 and figure 2-37). It will 
simply shift the mean gene frequency of the dine up or down, 
depending upon the action of the position-independent selection. 
This can be seen in Jain and Bradshaw's (1966) simulations with 
"asymmetrical selection". If, however, there is a slight gradient 
in one or more of the fitness curves in addition to the ecotone 
(figure 2-46a), then, in some cases, the morphotone may be shifted 
(figure 2-46b). As in models A-I (section 2.5), if the dominance 
patterns of the distance-dependent and distance-dependent selection 
components are different, then the morphotone may be destroyed or 
greatly reduced. 
An asymmetry in gene flow will shift an ecotone-caused morpho-
tone, but has little effect on the amount of differentiation. A 
large asymmetry may greatly reduce or destroy a morphotone, and the 
reduction in differentiation is directly related to the amount of 
asymmetry (Jain and Bradshaw, 1966 and the author's simulations). 
The amount of reduction in differentiation found by Jain and Bradshaw 
(1966) is, however, unexpectedly large. In their simulations only 
DEME NUMBER 
FIGURE 2-46. The effect of position-independent selection on Model A with 
an added sharp change in fitness. A, fitnesses before the 
position-indpendent mortality; B, the dines (g0.0) for 
several different levels of position-independent fitness. 
(position-independent fitnesses are 
10 demes were used, and the ecotone was placed between 5 and. 6. 
As soon as the asymmetry reached a certain level, the morphotone was 
shifted off the edge of their deme series; if they had, say, 20 or 30 
• deities, the entire dine would be visible, and the apparant reduction 
in differentiation not so great. (See figure 2-38 for a comparable 
situation in model B, sy=0.1). 
Jain and Bradshaw (1966) also discuss the effect of a difference 
in generation time on each side of the ecotone. The effect is 
equivalent to an asymmetry in gene flow in which the dispersal bias is 
faster 
in the direction of thepopulation replacement rates. The effect 
of unequal generation time is marked if one deme group has a generation 
length 5 times longer than the other, and can accentuate, or completely 
• . counteract other factors. Unfortunately results are not given for 
more realistic differences in generation time. 
On a gentle environmental gradient, however, it is possible for a 
morphotone to be shifted away from the null point by a small difference 
in generation time, just as a small asymmetry (sy) on agentle gradient 
- can cause shifting (section 2.5) This might be an important factor in 
certain poikilotherms (such as insects) distributed on temperature 
gradients; temperature effects development rate, which in turn affects 
generation time (in bivoltine and polyvoltine species), yielding 
- 
	
	a dine in generation time along the gradient. If the associated 
fitness gradients are not too steep, any morphotone will be shifted 
- 	towards the warmer temperature. If the selection is in the form of an 
ecotone, then such a difference in generation time may destroy or 
reduce the morphotone. 
Ecotones will often result in morphotones, but there are many 
conditions in which expected morphotones do not appear. 	. • • 
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Section 2.7 	Secondary Contact 
One of the mo ..st common explanations of morphotones, especially 
in the earlier literature, is that of secondary contact (about 
30 references). The basic idea is that two formerly isolated pop-
ulations coming together will somehow maintain a very steep dine. 
This is supposed to be aided, in many theories, by hybrid inviability 
and infertility consequent upon genetic incompatability between 
the two groups. The presence of increased variation in the zone of 
contact is supposed to be "proof" of secondary contact. But such 
increased variation is expected in all areas of intermediate gene 
frequencies, simply because the expected sampling variance of gene 
frequency p is p(l-p)/2N. 
Usually it is assumed that there is no difference between the 
two populations' selective environments, at least in the area of 
contact, but often it is assumed that this is true throughout the 
- species range. Apart from this being an unwarranted assumption, 
.it will simply not work. If two groups meet each other, and there is 
no selective restraint on invading the other's territory, each will 
spread smoothly into the other's range and the morphotone produced 
at the moment of contact will dissolve, leaving only a smooth, grad-
ually falling dine. Figure 2-47 is an example of a simulation of 
secondary contact between a set of demes with a gene frequency of 
100% and another with a frequency of 0%. The morphotone is almost 
gone by generation 50 with only 20% gene flow. As in section 2.4, 
the neutral dine takes a longer time to decay to zero slope. 
This is because a given dame receives gene flow from demes with 
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FIGURE 2-47. The effect of secondary contact with no selective difference among denies. 
Denies 1 through 15 were started with p=O.O and denies 16 through 30 were 
started with p]..O. Gene flow, g=0.20. Gene frequency dines shown for - 
generations 0, 50, 100, 200, 300, 500, and 1000. The results are identical 
for 100% assortat:Lve mating among the genotypes, although the genotype 
frequency dines remain steeper for a longer period of time. 
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others with larger gene frequencies, keeping the difference in gene 
frequency between residents and all aliens small. Secondary contact 
of neutral characters will result only in a long lasting dine, not 
in a stable morphotone. 
Another possibility is that the populations coming into secondary 
contact compete for a common limiting resource. In this case one 
phenotype will always exclude the other, creating a morphotone at the 
contact zone. However, the resulting morphotone is not stable in 
position, and will eventually travel to one edge of the species 
range and disappear. Exactly the same thing happens if heterozygotes are 
at a disadvantage compared to the homozygotes; an equilibrium which 
is unstable in time will not be stable in space. 
Another possibility, though still.-'unrealistic, is that the 
characters are selectively neutral in the contact region, but there 
are differences in more central portions of each groupts  ranges. 
i? - son (1966) simulated equilibria under these conditions and found 
that morphotones are only formed if the neutral zone iisiarrow 
compared with the parimictic diameter of the species. 
Stable morphotones will only form if there is some spatial 
difference in probabilities of survival among genotypes; secondary 
contact by itself is not sufficient to maintain a dine with a sharp 
IA 
change in morph, genotype, or gene frequency. The conditions 
favouring and determining the positions of morphotones are the same 
regardless of whether polymorphisnr arises from secondary contact, 
or is already presnt throughout the species range. Primary and 
secondary intergradation cannot be distinguished by observing the 
properties of a dine. 
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Section 2.8 Summary of Chapter 2 
Gene flow is restricted compared to migration and dispersal; 
the gross movements of animals gives an exaggerated picture of the 
movement of genes. The great localization of movement provides 
opportunity for isolation by distance, and the restriction of avail-
able habitat and breeding sites suggests that the deme model is a 
better approximation to population structure than the continuous model. 
The morph-ratio dine, or gradient in morph, genotype, or 
gene frequency is utilized as a model in the study of dines. The 
model is examined by means of computer simulation and simple graphical 
methods. The term morphotone is used to denote a marked spatial 
change in morph, genotype, or gene frequency. 
Stochastic influences on gene frequency, sampling error in 
mating, and in gene flow, may produce long lasting dines, but are 
not capable of producing stable morphotones. "Area effects" may 
apparently result from genetic drift if sampling methods do not give. 
a complete and precise mapping of the microgeographical variation. 
Nine models of the effects of environmental gradients on 
dines are presented. Seven of them (A,B,D,E,F,G,H,) and combinations 
of them produce well marked morphotones, even if selection is below 
the practical limits of field measurement and gene flow is high. 
There are .a great variety of conditions which can yield the same kind 
of dine; there is no single simple explanation of geographic var-
iation. The operation of position-independent factors, asymmetry in 
gene flow, partial barriers to gene flow, and differences in generation 
time may shift any morphotones produced by position dependent factors 
away from the position expected, or may destroy the morphotones. 
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The nine models are modified by the addition of sharp 
changes in fitness, or ecotones. All modified models (A'B'C'D'E'F'G'H'I') 
produce morphotones, but they are much more sensitive to the attenu-
ating effects of gene flow than the environmental gradient models (A-I). 
Ecotone models are not subject to shifting of their morphotones, 
shifting factors simply reduce the sharpness of the morphotone, or 
destroy it. 
Secondary contact is not sufficient by itself to maintain 
a stable morphotone although it may result in a moderately long I 
lasting dine. The distinction between primary and secondary 
intergradation cannot be made by observing the properties of a dine. 
It is impossible to interpret a natural dine without 
knowing the geography of absolute survival values ( the shape of 
• the fitness curves), and the extent of gene flow. It is exceedingly 
important to sample properly. There is no single simple explanation 
of geographic variation. / • • 
FA 
Chapter 3 
- 	 EXPERIMENTAL CLINES 
"There is no way toward understanding of the mechanisms 
of macroevolutionary changes, which require time on 
geological, scales, other than through understanding 
of microevolutionary processes observable within the 
span of a human lifetime, often controlled by man's 
will, and sometimes reproducible in laboratory 
experiments." Th. Dobzhansky (1951, p. 16) 
Section 3.1. Introduction 
In order to study the,effects of known selection and'gene flow, 
a series of dines were set up in experimental polymorphic populations 
of Drosophila melanogaster. Fruit flies are very convenient because 
they are easy to handle and raise in large numbers, and have a, very 
short generation time (9 days minimum). Drosophila have the added 
distinction of well-known genetics. 
Bar, a duplication of the first chromosome, was chosen as the 
polymorphic character because all genotypes, including heterozygotes, 
are distinguishable.. In-D. melanogaster the normal eye is round or 
ovoid; males have about 740, and females have about 780 oxumatidia. 
Remizygous Bar males have only 90 and homozyous Bar females only 70. 
In both, the eyes are much reduced to a narrow vertical bar-shaped 
cluster of oinmatidia. Heterozygotes (females only as Bar are sex 
linked) have about 360 ommatidia, and their eyes are reduced to a 
maize kernel or sometimes a kidney-shaped cluster with a flattened 
outer surface (Lindsley and Grell, 1968, Bridges and Bream, 1944). 
It 'is therefore possible to calculate exactly the gen frequency of 
Bar in the population. 
Section 3.2. The Base Population 
Bar (with a small adjacent segment of the first chromosome) 
was introduced into a large outbred normal ("wild type") population 
in order to create a polymorphic population that was not a hetero-
geneous mixture of two different gene complexes. 
The outbred normal population. was derived from Prof. A. 
Robertson's "Standard-Kaduna" population at the Institute of Animal 
Genetics, Edinburgh. Robertson's Kaduna cage has contained several 
thousand flies for many years and is in genetic equilibrium with 
respect to many loci (Robertson-, -personal communication, 1969). 
Two large egg samples were obtained from Kaduna by leaving 500 ml. 
beakers, filled with sterile Drosophila medium, in Robertson's 
population cage, for 24 hours. The beakers were transferred to a 
new cage in the Department of Zoology, University of Edinburgh, 
and allowed to produce a replicate population. All my flies, in 
Kaduna, and subsequently in the experiments, were kept in the same 
"warm room" at 25 ° 1° C. Kaduna's food was provided in uncovered 
milk bottles (65mm. diameter by 160mm. high) filled with about 250 ml. 
of Edinburgh cornmeal-molasses-agar Drosophila medium. Ten bottles 
- 	were always present in the cage. One new bottle of food was added, 
and one old bottle removed, every -5- days. The new Kaduna population 
was allowed - to breed- for about 10 generations before the introduction 
of Bar. 
Bar and a small segment of the adjacent X-chromosome was 
introduced into Kaduna by recombination and backcrossing, according 
to the scheme in figure 3-1. Th& first part is based upon a method 
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FIGURE 3-1 
INTRODUCTION OF BAR INTO .KADIJNA 
Mutants used: 
Chromosome I (X): 	w = white; sn = singed; B = Bar 
11,111: Xa = Xasta, a marked (notched wing) 
translocation and two inversions. 	Homozygotes 
are lethal, and there is almost no (ch. 11,111) 
recombination in heterozygotes (Robertson, pers. 
comm., 1969). 
/ IV: 	Ciw = Cubitis interruptis of Wallace 
K will Indicate Kaduna chromosomes. 	+ will indicate "wild" 
chromosomes from mutant stocks. 	Y indicates the Y chromosome. 
Cross  wsnB + + + 	+ 	Xa 	CjW 
y 	 by 	++ Ciw 
Females collected 
Cross  K K K K 	wsnB 	Xa 	Ciw 	every 4 hours. 
by 	+ + 	+ (all crosses) 
Cross  wsnB 	Xa 	CiY . 
b YKKK. 	KKKK 
B CiW  female 
- 
offspring only. 
Cross  K K K K 	wsnB KKCiW by 
YKKK K 	KKK 
• 
B males only 
149 of these 
Cross  B K K K 	K K K K by recombinants found. YKKK jjjj 
4 bottles, each with 
• 35 BY and 200 Kaduna 
Cross •. -Kaduna 	by 	Bb females 	
females. 
males 4 bottles. 
Cross / B males 	by 	Bb,bb, K females 	8 bottles. 
Cross VIII:- B, K, males by 	BB,Bb, K females 	10 bottles. 
• To new population cage, Bar-Kaduna 
suggested by Prof. A. Robertson (Personal communication, 1969). 
The technique ensured that Kaduna and Bar-Kaduna never fell below 
about 5000 adults. The average size of Bar-Kaduna remained 
about - 8000. 
/ 	 Section 3.3. The Cline Method 
Five sets (A through E) of 15 deines (vials) each were made up 
from the Bar-Kaduna population two generations after the last 
backcross. Initially each deine in each set contained 50 pairs of 
flies with a Bar gene frequency of 50%. These were allowed to 
mate and produce offspring for one generation (generation 0) before 
selection and gene flow were started. This and all subsequent 
generations were raised in 30mm. by 100mm. glass vials, stoppered 
with cotton-wool, and containing roughly 17ml. of Edinburgh 
Drosophila medium. Generations were discrete. 
Each deme was subject each generation to the following 
sequence (figure 3-2): 
Collection and scoring of emerging adults for each 
of six days, from 7:00 a.m. to 11:30 a.m.; males and 
females into separate fresh vials. 
Artificial selection (if any) on each genotype. 
Populations after selection reduced to N=50 pairs per 
deme, holding genotype frequencies constant. 
Gene flow (if any) for each genotype separately. 
Mating for 24 hours in fresh vials. 
Egg laying for 4 days in fresh vials. 
Removal of parents from egg vials. 
Development into the adults of the next generation. 
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J Population regulation; 
Numbers reduced to 
50 in each sex, holding 
genotype frequencies constant 
D 40% Gene flow ; 20% of each 
genotype to both adjacent 
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Differences in fitnes.s among the genotypes resulted in a second 
period of selection., henceforth called natural selection, against 
Bar during period h. 	- 
The arrangement of artificial selection and gene flow in the 
five sets was as follows: 
Set A, artificial selection, gene flow. 
Set B, artificial selection only (control for gene flow). 
Set C, artificial selection, gene flow. 
Set D, artificial selection only (control for gene flow). 
Set E, gene flow only (control for artificial selection). 
In order to produce dines, the artificial selection was 
imposed in the form of a gradient of fitness.along each deme series 
(except E), with an increment in selection between adjacent denies of 
I = 0.04. The denies in sets A, B, C. and D, were subject to the 
following survival values: 
Deme x 1 2 3 . 4 5 6 7 8 9 10 11 	12 13 14 15 
W1 (x), W2 (x) .42 .46 .50 .54 .58 .62 .66 .70 .74 .78 .82.86 .90 .94 .98 
W3 x) .58 .54 .50.46 .42 .38.34 .30.26 .22 .18.14 .10 .06 .02 
Thus in each deme (x), a fraction W 1 (x) of Bar genotypes (males and 
females),J a fraction of W 2 (x) of heterozygotes (females), and a 
fraction W3 (x) of normal genotypes (males and females) were 
selected to be' the parents of the next generation. Bar is treated 
as a dominant for the purposes of artificial selection. The null 
point in artificial selection was located at deme 3 because a 
preliminary estimate suggested that this selection pattern would 
uniformly counteract the natural selection against Bar, centering 
the resulting dines near deme 8. Artificial selection was continued 
throughout generations 1-35, except for a suspension in generation 
10, and selection on females only in generation 18. 
Gene flow was accomplished in each deme by removing g=0.40 of each 
genotype from a given deme and placThg one-half of these emigrants (i.e. 
20% of'N) into the deme on the left and placing the remaining half of 
/ the emigrants into the deme on the right (figure 3-2). Thus adjacent 
demes exchanged 20% of their members and a given deme contained 40% 
immigrants after gene flow each generation. The would-be emigrants 
from the end demes, 1 and 15, were returned to the deines from which 
they came. The manipulations thus correspond to model A, Chapter 2. 
Section 3.4. The Drosophila Clines 
The gene frequencyc1ines for the last 10 generations are shown 
in figure 3-3, and the slopes of the dines for all generations are 
found in figure 3-4a. Table 3-0 and figure 3-6 give the gene fre-
quencies in each deme in each generation. The total numbers emerging 
in each generation are found in appendix 4, along with the numbers of 
parents 	: 	from the deme, and the slope of a dine was estimated 
by the regression of gene frequency on deme number for the set con-
cerned (See also, Endler, 1973). 
The response to selection (sets A through D) was quite marked 
for the first five or six generations; thereafter there was little 
change in the configurations of the dines. 'All slopes became 
significantly different from zeroat generation 1, with the exception 
of set E (no selection),' which reached significance briefly during 
generation 4.' Thereafter the slopes of sets A through D remained 
significantly different from zero and E insignificant. There is no 
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I 0.100 0.3110.234 0.00 0.301 0.301 o.m 0.307 0.247 0.201 0.320 0.0% 0.1 
14 0.0% 7.30 0.30 0.30 0.30 0.013 0.070 0.017 0.307 0.403 0413 0.033 1.00 0.713 0.730 
41 0.0% 0.0% 7.0% 0.011 0.011 0.143 0.224 0.247 0.427 0.401 3.371 0.343 0.372 3.343 0.005 
30 0.S 0.013 3.021 0.070 0.007 0.033 0.043 0.312 7.410 0.743 0.437 0.701 0 
0 0.02 0.000.0% 
 0.073
0.30 3.00 0.720 0.00 0.320 0.0% 0.70 0.100 0.0% 0.0% 0.320 0.300 
0 0.330 0.3200.432 	0.061 0.230 0.20 0.305 0.426 0.300 0.072 0.347 	0.303 0.200 0.033 
2 0.100 0.130 0.252 0.223 0.233 I. 	0.330 0.030 0.300 0.407 0.130 0.470 	0.247 0177 0.031 
3 
0.110 0.020 0,000.062 0.034 0.334 3.007 0.037 0.043 0.470 0.40 3.321 0.370 0.120 0.424 I. 
0 0.0% 0.30 0.023 0.300 0.30 3.30 0.132 0.0*1 0.433 0.021 0.232 0.204 0.202 0.733 3.600 
00 0.0% 0.0% 0.0% 0.012 0.00 0.30 0.000 0.01 0.003 0.111 3.301 0.272 0.347 0.333 0.013 
14 0,_I 0.300.0% 0.30 0.03 0.0% 0.073 0.070 0.737 0.470 0.330 0.027 0.321 I. D. 
03 0.30 0.300.0% 0.0% 0.000 0.032 0.140 0.034 3.331 0.020 0.403 0.373 0.010 0.033 0.413 
17 0.30 0.300.0% 0.0% 7.0% 0.305 0.007 0.241 0.234 0.117 0.40 0.033 0.731 3.700 0.030 
10 0.30 0.0% 0.30 0.30 I. 0.2% 0.123 0.410 3.300 0.107 0.323 0.324 0.447 0.477 0.40 
 0.457 
I. 
01 0.30 0.000.0% 7.00 3.30 0.010 0.030 0.00 0.30 	0.334 0.700 0.747 0.043 0.372 
 I
23 0.0% 0.300.0% 0.30 0.30 0.031 3.071 0.303 0.303 0.132 0.470 0.011 0.30 7.601 3.723 
24 0.00 0.30 0.00 0.2 0.30 0.30 0.047 0.313 0 
0.00 2.000.0% 0.00 0.00 0.061 0.101 0.30 0.330 0.123 0.303 0.423 0.00 0.030 0.224 
O 0.047 0.30 0.334 0.320 0.3*0 0.417 0.032 0.704 0.037 0.371 0.342 0.337 3.420 0.027 0.322 
2 0.000 0.103 0.230 0.233 0.221 0.230 0.30 3.123 0.333 0.320 0.333 0.330 3.330 0.024 0.003 
* 0.352 0.050 3.003 0.031 0.024 0.743 0.074 '0.200 0.0% 0.030 0.100 0.000 0.002 0.177 0.034 
10 0.003 0.034 0.013 0.03 0.270 0.00 0.070 0.0% 0.003 0.0% 0.042 3.0% 3.0 0.0% 3.073 
___ 300 30 01 0% 	 l330 U) 
43 0.047 0.237 0.003 0.230 0.004 0.230 3.00 0.30 0.332 0.00 0.323 0.000 0.333 0.337 0.300 
TABLE 3 - 0. Gene frequencies 
in each vial, in 
each generatio 
21 0.033 0.000 0.00 0.00 0.131 0.113 0.00 0.000 0.007 0.0% 0.010 0.421 0.010 0.031 0.003 
23 0.101 0.30 0.004 0.070 0.013 0.773 0.m 0.201 0.770 0.0% 0.30 0.00 0.03* 0.013 0.353 
03 0.031 0.00 0.073 0.033 0.013 0.033 0.060 0.073 0.01 0.030 0.027 0.00* 0.03 0.0% 0.001 
24 0.000 0.003 0.070 0.03 0.04.3 0.00 0.064 0.030 0.300 0.703 0.022 0.130 0.30 0.30 0.012 
33 0.0% 0.120 0.711 0.03 0.261 0.0% 0.011 0.0 0.0% 0.004 0.30 0.430 0.106 0.172 0.073 
00 0.030 0.0333.00 0.141 0.302 0.000 0.003 0.060 0.00 0.0 0.03 0.770 3.122 0.01 0.123 
37 0.03 0.072 0.000 0.030 0.232 0.000 0.00 0.011 0.711 2.0 0.00 0.033 3.03 0.301 3.30 
0 I. I. 0.010 0.000 0.0* 0.030 0.07 0.077 0.30 0.033 0.011 0.00 0.000 0.000 0.010' 
70 0.013 0.073 0.00 0.041 0.02 0.027 0.030 3.063 0.011 0.0% 0.00 0.120 0.0 0.06 0.01 
*0 0.031 0.044 0.001 0.0 1.30 0.04 0.010 0.033 0.30 0.0% 0.30 0.00 0.357 0.057 0.041 
31 0.30 0.030.000 0.00 0.30 0.003 0.030 0.273 0.00 0.0 2.30 0.073 0.00 0.00 0.0% 
33 0.07 0.002 0.03 0.270 0.030 0.075 0.0 0.2% 0. 	 0.00 0.072 0.007 7.033 0.002 0.003 
42 0.01 0.017 0.003 0.200 0.330 0.033 0.04 0.022 0.003 1.00 0.063 0.07  
34 0.0 0.0030.07 0.00 0.030 0.01 0.02 0.0% 0.0% 0.30 0.003 0.017 0.01 0.30 0.03 
07 0.037 0.00 0.000 0.037 0.07 0.035 0.003 0.070 0.011 0.03 3.003 0.02 0.003 0.30 0.30 
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with 40% gene flow (A and C), and thoe without gene flow (B and D) 
from generation to generation. 
Set E (no selection) lost Bai from almost all denies by generation 
14. It was therefore set up anew from Bar-Kaduna for generation 15 
(figure 3-4). It nearly lost all Bar genes again by the end of the 
experiment. 
During the first few generations, vials 1 through 6 in sets A 
through D lost Bar-as a result of the natural and artificial selection 
against Bar phenotypes. These vials remained phenotypically normal 
in all subsequent generations in sets B and D (no gene flow). The 
vials in the same positions of sets A and C were subject to gene 
flow from vials with Bar genes present, and Bar could reinvade as it 
gradually adapted to the new environment of the selection gradient 
(figures 3-3 and 3-6, see also section 3.7). Thus the dines in sets 
Aand C were slightly different from B and D from the early generations. 
As a control for this historical factor, replicates of the vials 
- of positions 6 of sets B and D were set up and given one generation 
of gene flow in generation 15, and, from these, replicates of position 
- 	5 were given one generation of gene flow in generation 31. The fate 
- . of these extra vials is. shown in figure 3-6b and d. 
Excluding the monomorphic vials, 1 through 4, from calculation 
of the dines' slopes, to make the replicates more comparable, still 
shows no significant or consistent differences between replicates 
with gene flow and those replicates without gene flow (figure 3-4b). 
The effect of gene flow becomes just detectable of one considers 
the slopes of the dines calculated on gene frequencies which have be 
been transformed into angles (figure 3-5). The angular 
transformation weights differences between extreme frequencies 
more than differences of similar magnitude at intermediate 
frequencies, and reduces the dependence of expected variance on 
gene frequency (Fisher and Yates, 1948, Sokal and Rohif, 1968, 
Rohif and Sokal, 1968). The dedifferentiating effect of gene flow 
is 8till small, and could easily be obscured in field studies of 
dines with similar parameters. 
Section 3.5. Differential Coadaptation 
Two striking phenomena are apparent in the sets with selection 
(Sets A - D, figure 3-6), the gradual increase in Bar gene 
frequency, and gaps in the domains of variation of gene frequency 
in certain areas. 
During the early generations the Bar gene frequency in most 
vialsdeclined or remained roughlyconstant. During later gener-
ations, however, Bar gene frequencies in most of the vials 
increased at a regular rate. In the replicates with gene flow 
(A and C), invasion of monomorphic wild vials by Bar genes was 
followed by a slow increase of their gene frequency, succeeded by 
-. further invasion down the dine. The effect is rather like that 
of the spread of an advantageous gene described by Fisher (1937), 
but if Bar is advantageous in these vials why was it lost from them 
in the first six to ten generations'? Why do the extra vials 6 and 5 
in sets B and D remain roughly constant whilst their equivalents' 
in the sets with gene flow increase markedly after about 
generation 20? 
The two replicates with gene flow (A and C) show another 
interesting phenomenon. In both, vial 12 has a consistently 
higher gene frequency than vial 11 from as early as generation' 8. 
Via]. 9 in.both replicates is associated with a second gap in the 
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domain of gene frequency variation. In set A vial 9 is at a 
consistently higher gene frequency than vial 8 from generation 4, 
and in set C vial 9 is consistently lower than vial 10. Vials 
12-15 appear to belong to a group of deities which vary together, 
but separately from a group of vials at intermediate frequency. The 
intermediate group seems distinct from a third group of demes with 
-- 	low Bar gene frequency. These groups are shown connected by shading 
j figure 3-6. Sets B and D show no such gaps, except for the 
difference between fixed and unfixed demes. There does not appear to 
be any objective way of testing the significance of this observation, 
but the consistency of the effect (over 20 generations), and the fact 
that the gaps occur in the same position in both dines is highly 
suggestive. 
If we assi.itne for the moment that the gaps are real this 
implies that the dines have differentiated into three groups with 
similar gene frequencies, separated by morphotories, or are in the 
process of developing morphotones. Morphotones are in fact observed 
between vials 11 and 12 in generations 25-30 in set A, between 10 
and 11 in generations 23-25 in set A, between vials 11 and 12 for 2 
or three generations at a time from generation 23-35 in set C, and 
between vials 9 and 10 from generations 19 to 25 in set C. The 
dines have a two-morphotone form in a few generations, notably 
set A in generation 19, and set C in generation 27. Such 
discontinuities are not long lived, however they do appear to occur 
at about the same gene frequencies, 0.2-0.3, and 0.65-0.75, 
regardless of the denies which they involve. This is especially 
apparent in set C from generations 25-34. Until generation 25 a 
morphotone was present between vials 9 and 10. In generation 26, 
3-8 
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vials 7, 8, and 9 suddenly increased in gene frequency, and a 
morphotone appeared between vials 6 and 7. After generation 29, vials 
7, 8, and 9 fell, and the old gap broadened again. The morphotone 
was at first centered about a gene frequency of 0.3, next 0.29, 
and finally at about 0.34. 
These observations are difficult to explain on the basis of one-
locus selection and gene flow models (chapter 2). If selection 
were only a function of one locus, then the observed fitnesses and 
equilibrium gene frequencies would not change slowly with time 
(figure 3-6). During the investigations described in chapter 2, no 
model could be found that produced two morphotones. It is most 
likely, therefore, that the selection gradient for Bar also 
affected other loci. 
It is amoderately old idea that if a given type is favoured 
in a particular area, then all factors which increase the favoured 
type's fitness will themselves be favoured, forming a geographical 
pattern of local adaptive races, characterized by particular 
gene complexes. Some of the first evidence for the selection for 
locally adaptive gene complexes may be found in the studies of 
Timofeeff-ResSOVSky C 1940 	'), and Dobzansky (1937, 1951). 
Fisher (1930) and Huxley (1939) were among the first to recognize 
the importance.of this idea in regard to geographical differentiation, 
for example: / 
- 	Whenever two relatively large and uniform areas were 
separated by regions of relatively rapid envirormental 
change, the effect of selection would be to produce two 
main types of gene-complex, each stabilized by its own set 
of modifiers giving maximum harmony and viability. 
So long as the population is continuous, these will 
interbreed where they meet. But the recombinations 
between them being ex hypothesi less well adapted and 
harmonius then either, of the two main complexes, 
will remain restricted to"ã narrow zone, and 
will not spread progressively through the 
population. (Huxley, 1939) 
Further evidence and discussion of the idea of coadaptation may be 
found in Dobzhansky (1939, 1951, 1970), Mayr (1956, 1963), Brncic 
(1961), Vetukhiv (1953, 1954, 1956), Wallace (1955, 1968b), Moore 
(1946, 1949a, 1954), and Kuhn (1971). A discussion and critical 
review of the more circumstantial evidence is found in Clarke (1968). 
Huxley's (and others') arguments provide us with two testable 
predictions: that the gene complex characteristic of a particular 
environment will be more fit in its own environment than in others, 
and that offspring of crosses (both natural and experimental) 
between differently coadapted types will exhibit reduced or more 
variable fitness compared to the parental types. The theoretical 
study of coadapted dines by Clarke (1966) provides two additional 
predictions; slopes of dines may be changed by modifiers, and the 
spatially restricted spread' of modifiers may cause morphotones to 
form where they are not expected on the basis of one locus theory. 
It is of interest to know whether any differential coadaptation 
has taken place along the experimental dines; whether the Bar 
phenotypes have become well adapted at the Bar end of the dines 
(vials 10-15), and the other phenotypes differentially adapted to 
• the other end of the selection gradient. It is of great interest 
(chapter 1) to enquire whether'or not the presence of 40% gene flow 
has affected the development and extent of any coadaptation which may 
have evolved during the course of the experiment. The recombination-
backcrossing method of introducing Bar into Kaduna should have 
eliminated any previously Bar coadapting gene complexes. 
1 will useà modified version of Clarke's (1966) model to give a 
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more precise theoretical basis to the predictions before going on to 
describe the results in detail. 
Section 3.6. Models of Coadaptation 
Consider a locus A with two alleles A and a, and a modifier 
locus B, also with two alleles B and b Locus A is subject to 
selection, and as in chapter 2 we will denote the fitness of the 
three A genotypes, A.A, Aa, and aa, by W1 (x), W2 (x), and W3 (x). 
Let these be the unmodified fitnesses at each position (x) in the 
deme series, that is, the fitness of A genotypes when each is also 
genotype bb. We will asume that the effects of the modifier 
allele B are dominant, and when present, its effects will be: 
genotype 	 AA 	Aa 	aa 
genotype frequency 	p2 	2pq 	q2 
B genotype 	bb 	W1 (x) 	W2 (x) 	W3 (x) 
	
BB,Bb 	W1(x)+a 	W2(x)+b W3 (x)+c 
where a, b, and c are positive, zero, or negative amounts by which 
the presence, of allele B changes the fitness of each A genotype. 
Assuming that allele B is initially present at low frequency, 
or appears during the course of study by mutation, under what • 
conditions will the modifier (allele B) spread in a given area? 
Following Clarke (1966), B will spread if the mean fitness of all 
genotypes BB and Bb is greater than that of all genotypes bb, or if: 
p2 (W1 (x) +a) +2pq (W2 (x) +b) 
2  (W3 (x) +c) >. p 2W1 (x) +2pqW2 (x)+q2W3 (x) 
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or, in terms of p; 
- -- 	p2(a-2b+c) + p(2b-2c) + c > 0 	 (3-1). 
• 	 Clearly, B will never increase in a given deme if a, b, and c, 
are all negative, and will always increase if a, b, and c are all 
positive. As B increases, the observed fitness of each genotype 
• 
	
	will- change with time. This will happen wherever B spreads, 
including the conditions below. 
If a and b are positive, but c is..zero, (3-1) becomes: 
p(a-2b) + 2b > 0 
and B will increase in all demes where allele A is not lost (p ' 0). 
If- a and b are positive, but c is negative, then (3-1) is only 
true if p is greater than some niniinum value, or, 
-. 	 (b-c) - /(b_a)2 + a(2b-a-c) 
(b-c)+ (b-a) 	 0 	 (3-3), 
following Clarke (1966). Thus B will spread only in areas where 
allele A is favoured over a, or is above a critical frequency. The 
location at which B ceases to spread depends upon the mode of 
modification (the values of a, b, and c), and the local gene 
frequency. 	- 
If a is positive, and both b and c are zero, then (3-1) becomes: 
pa + 1 > 0 	1 	 (3-4) 
and B will always spread when A is present in the population. 
If a is positive, and both b and c are negative, then (3-1) is 
only true if p is greater than some critical value, or, 	: -• 
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> 	-c) - (ba)2 + a(2b-a 
(b-c) + (b-a) 
which is the same as (3-3);B will spread Only in areas where a 
minimum gene frequency is exceeded. 
If a is positive, b is zero, and c is negative, then (3Ll) 
becomes: 
p2 (a-c) + p(-2c) +c > 0  
and B will spread when p is given by (3-5). 
If a is positive, b is negative, and c positive, B may spread 
in some areas but not in others. If (b 2-ac) < 0, (3-1) will be 
true for all p, and B will spread throughout the dine. If, however, 
2 (b - ac > 0, then the spread of B alleles depends upon p as follows. 
It.will spread if 
- 	
> Q-c) - /b2 
2b-a-c 	 (3-6a) 
< 	-c) + /b2 	- 	
(. 2b-a-c 	 3-6b) 
(Clarke, 1966). If b 2  is sufficiently greater than ac, then B will 
be absent at intermediate frequencies and present at the ends. The 
situation is exactly reversed if a and c are negative and b positive. 
(The latter situation is probably unrealistic.) 
Thus there are basically two classes of modifiers, (I), those 
which have an advantageousor no effect on genotypes, and (II), those 
which have positive or zero effect on some genotypes, but deleterious 
effects on others. Type I is expected to be found through a dine 
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(except at initial stages), and type II will be found only in regions 
where the A genotypes upon which it confers an advantage are also the 
commoner type. Therefore, if one were to sample amongst a large 
number of demes with a variety of gene frequencies, and type II 
modifiers were present, we would expect a positive relationship 
between gene frequency and the observed fitness of the most common 
genotype, other fitness factors being equal. 
We therefore can conclude that if type II modifiers are present 
in series of demes along a dine, differential coadaptation can take 
place; modifiers with different properties will spread in different 
areas, depending on the form of the dine. As Clarke (1966) has 
pointed out, the presence of modifiers can affect the slope and form 
of a dine, and form a morphotone at the critical gene frequency if 
the dine under modification is very different from the dine 
without modification. 
In Clarke's (1966) example (a type C dine), W1 (x)=y, W2 (x)=l, 
and W3 (x)=l-y, where ykx, k is a -constant, and y varies from 0 to 
	
1.0. From Fisher's (1930) 	 S 	 formula, the 
equilibrium gene frequency as a function of y is simply 
(y) = y 	(unmodified) 	 (3-7), 
and the slope of the corresponding dine is therefore k. In the 
regions of the dine where B is fixed, the fitnesses are now y+a, 1+b, 
and l-y+c, for genotypes AA, Aa, and aa, respectively. Again, from 
the equilibrium formula: 
•p (y) = y+b-a 	• 	 (modified)  
l+2b-a-c 
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The slope of the modified portion of the dine is now 
• 	k 	 (3-9)• 
1+2b-a-c 
If (3-7) and (3-8) are very different when (3-7) is very close to 
the critical gene frequency (3-1 through 3-6), then a morphotone 
will form in the location corresponding to the critical gene frequency. 
Using different functions for W1 , W2 , and W3(as in chapter 2), it 
can be shown that differential coadaptation can lead to morphotones 
- in many different kinds of dines. 
Let us now consider the effect of crossing individuals from 
denies that have differing modifier gene frequencies. Assume that 
the form of the gradients (W's, chapter 2) and the values of a, b, and 
c permit a dine to. develop. The symbols a, b, and c, will now be 
used to represent the absolute values of the three coefficients 
of modification. 
First, consider that differential coadaptation has taken place - 
between the parents; let c - be negative. Then the fitnesses will be: 
genotype Ak Aa aa 
a end of dine (bb) W1 W2 
• 	A end of dine (BB). W1+a W2+b W3-c 
'1 between ends (Bb) W1+a W2+b • 	W3-c 
:F2 	F1 XF1 (bb, W1 W3 
- 	 -, B-) . 
W1+a 	• W2+b W3-c 
The mean fitness and variance of fitness of F 1 individuals will be 
indistinguishable from the parent in which allele B has become 
fixed. If B has not become fixed at (in this case) the A end of the 
dine, then it can be seen that -the mean fitness of the F 1 would be 
3-16 
a1ight1y less than the A end parent, and the variance greater. 
If B has become fixed at the A end, the mean fitness of the F 2 will 
become slightly lower than the A end parent and the F 1 . If B is not 
fixed at the A end, then the mean and variance of both F1 and F2 
will be about the same. Similar predictions may be made for other 
type II modifiers. 
There is no reason why a second modifier, C, favouring allele a, 
should not occur and spread differentially. This is more similar 
to what huxley (and others) had in mind when discussing the 	/ 
mechanisms of local adaptation. Let us assume that the second 
modifier, C, is also a type II modifier, and for simplicity, 
assume that the effects of C are the inverse of B, and the effects 
• 	. 	are additive. Other assumptions give, similar results. The 
fitnessee are now: 
genotype 	 AA 	Aa 	aa 
• unmodified 	 W 
1 	W 	 . 
	
• A end of dine (BBcc) 	W3+a W2-(-b 	W3-c. 
• 	 a end of. dine (bbCC) 	W1-a 	W2-I-b 	W3+c 
• 	 F1 	 - (BbCc) 	W1 	W2+2b 	W3 
(bbcc, .• W] 	W2 
- 	--- . 	B-cc 	W1+a 	W2+b 	W3-c 
/ 	 bbC-, 	W1-a 	W2+b 	W3+c 
B-C-) 	W 	 W2+2b- 	w3 
The overall mean fitness of the F 1 genotypes would now be equal to 
or greater than that of either parent. If the crosses were taken 
between denies with A gene frequencies at roughly equal but opposite 
differences from 0.5, then the heterozygotes, Aa, would be most 
abundant in the 11. and a definite "Hybrid vigour" would be 
observed. Depending upon the A genotype frequencies, the F 2 
overall mean fitness will be equal to or slightly greater than 
either.parental type, but the variance of fitness would be very 
much increased. The F 2 will be closer to the F 1 in both mean and 
variance if the modifiers are not fixed in the two denies crossed. 
If b is negative the conclusions are very similar, but in some 
cases the mean fitness of the F 1 and sometimes the F2 will be less 
than the parents. This is true even if coefficient c is also 
negative (for B-cc). The variances will be about the same as for 
b positive, after taking account of the dependance of V(p) on p. 
In the initial stages of spread of a type I modifier, the 
modifier will be more common in the region where it confers an 
advantage of the most common genotype (the genotype selected for 
in that region). Thus if one made a cross across such a dine 
(or found natural hybrids), one would find the following: 
- 	
genotypes AA Aa aa 
• 	 unmodified 	- W1  W 
0 
A end of dine (BBcc) W1+a • W2+b W3 
• 	 • ja end of dine (bbCC) W W2+b W3+c 
F1 	•. 	• (BbCc) W2+2b 	• W3+c 
• 	
F2 	/ (bbcc, • - 	W2 
-- B-cc, W1+a W2±b W2 
bbC-, W1 W2+b W3+c 
B-c-) W1+a W2+2b • 	W3+c 
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The mean fitness of the F 1 would in this case exhibit a definite 
"hybrid vigour," possibly with reduced variance compared to the 
parents. The heterotic effect would be large and the variance 
reduced if the frequency of Aa in the F 1 was high. The mean 
fitness of the F2 would probably not be distinguishable from the 
.' 	parents, but the variance would be considerably increased. 
In summary; type I modifiers, before their fixation in a 
dine, will produce "hybrid vigour" in the F 1 and "hybrid breakdown" 
in the F2 (increased variance). Type II modifiers, at or near 
equilibrium, will show much less of an-increase of fitness in the F1 
than type I, and will sometimes show a "hybrid inferiority" in the F2 . 
Type II, like type I, shows an increase in variance of fitness in 
the F2 . 
It is important to note that these predictions hold even if it 
is not possible to score the fitnesses of each genotype separately. 
These conclusions are not, of course,, restricted to dines, but 
may apply to artificial crosses between any two natural populations. 
One would expect similar, if not greater effects if more than one 
modifier affected alleles A and a. The effect of more than one 
modifier can also be toincrease the size of any morphotones 
produced (Clarke, 1966). 
Section3.7. Evidence for Coadaptation Along the Drosophila Clines 
We thus have a good explanation for the first two observations. 
The slow increase of Bar gene frequency in the experiment could be 
explained by. the spread of modifiers of the fitness of Bar phenotypes 
in the dines, and, or, the increase of modifier frequency in 
individual denies. It is possible that the reason for the absence of 
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increase in Bar gene frequency in the extra vials 6 in sets B and 
D are a result of either (1) the critical Bar gene frequency for 
Bar phenotype modifiers is higher than vial 6 Bar gene frequency; 
or, (2), modifiers arising in other vials could not reach vials 6 
due to the lack of gene flow; or both. 
If we accept that there are in fact two morphotones in both 
sets A and C, this can be explained if we assume that one or more 
modifiers decrease the fitness of heterozygotes, compared to their 
effect on the other genotypes. The constancy of gene frequency at 
which the apparent morphotones appear, 0.3 and 0.65, suggests the 
presence of modifiers; these could be the two critical gene 
frequencies in equation (3-6), or its equivalent for sex linkage; 
The work of Moore (1946, 1949a, 1954) and the verbal arguments of 
Huxley (1939, 1942), Dobzhansky (1951), Maynard-Smith (1959), and Mayr 
(1963), suggest that there may be two additional factors contributing 
to changes in fitness of F2 crosses between "differently coadapted" 
populations. If a large number of genes have been selected for a 
long enough time they may cOme to be very closely integrated. Any 
chromosomes from differently coadapted regions combining with a 
given local chromosome may be so disharmonious that the heterozygote 
does not function properly. This may be expressed in any number of 
ways including reduction of development rate, reduced viability, 
reduced fertility, and at the other extreme, sterility or lethality 
(see especially Moore's work). Any developmental problems in the F 1 
heterozygote may be- compounded with problems of crossing over if the 
coadapted groups are held together in inversions (see especially 
Dobzhansky, 1951, 1970). If the crossover products manage to survive 
meiosis, they may be subject to the same or worse kinds of develop-
mental problems which may be found in the F 1 (again, see Moore). 
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in a natural dine, and in the experiments, if two parts of the 
dine have become differentially coadapted, then in the middle there 
will be natural F1 , F1 s parent backcrosses, F 2 , and F2 backcrosses.. 
We might, therefore, if differential coadaptation has taken place, 
expect to see an increase in developmental problems and an increase 
-- / in deviations from 1:1 sex ratio in the middle of dines compared 
to the ends. The latter is to be expected because according to 
"Haldane's rule' t  (Maynard-Smith, 195) in a cross between differently 
coadapted groups there should be a deficiency in the heterogametic 
sex as it is more sensitive to "unbalanced" gene complexes. 
The sex ratio was calculated from the total number of emerging 
flies in each vial in each generation. The number of times which 
the sex ratio deviated significantly; from 1:1 expected is found in 
table 3-1. 
Using the data of table 3-1, and dividing each dine into two 
groups of approximately equal sizes, "ends" (vials 1-4 and 12-15 (8)), 
and "Middle" (vials 5-11 (7)), we expect, on the null.hypothesis, 
a ratio of 8 "ends" to 7 "middle" instances of significant deviation 
from 1:1 sex ratio. The results are shown in table 3-2. 
Almost all deviations from 1:1 sex ratio are due to female 
excess. All sets show an excess of significant deviations from 1:1 
sex ratio in the middle compared to the ends except set S. Only set 
A is significant. 
It is common knowledge among those who work with Drosophila 
that females emerge from their pupae earlier than males. This was 
substantiated in the present study. Since only the first six days 
of the emergence are counted (day 1 is defined as the day following 
the first day in which a minimum of.. 10 flies have emerged from 
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TABLE 3-1 
Fregueficyof significañtdeviátion frOm 1:1sexratio 
(Measured by X2 >3.84) 
Vial 	Set A 	Set B 	Set C 	Set D 	Set E 
1 	00 . 0 	20 2 	112 	000 	505 
2 617 .314 101 112 213 
3 	20 2 	32 5 	10 1 	314 	10 1 
	
4 11 2 51 6_12 3 2 0 2 415 
5505 	.639 	202 	202 	426 
6 	20 2 20 2 50 5 20 2 213 
7 50 5 	11 2 	30 3 	11 2 	52 7 
70 7 40 4 20 2 30 3 11 2 
9 	71 8 	20 2 	22 4 	20 2 	415 
10 606 30 3 20 2 40 4 41 5 
11 	21 3 	00 0 	81 9 	40 4 	213 
12 101 303 .303 213 022 
13 	303 	112 	.415 	112 	213 
14 20 2 31 4 42 6 10 1 40 4 
15 	10 1 	213 	40 4 	303 	10 1 
Note: Under each set, the first column is for instances of female 
excess, the second for maleexcess, and the third the total. 
TABLE 3-2 
Data from table 3-1 grouped by "ends" vs. "nidd1e" of dines 
Set 	"Ends" 	"Middle" 	x2  
A 	. . 	16 . 	 34 	 8.31 	<.001 
B 	. 	22 	 18 	0.00 	n.s. 
C 	 19 	 24 	 1.10 	n.s. 
D 	 13 	 18 	1.19 	n.s. 
E 	 19 	 22 	 0.81 	n.s. 
Calculated on frequencies of female excess only 
at least one vial) it is possible that the female excess is at 
least partly due to an overall late emergence in the centre of the 
dines compared to the ends. - 
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If there was coadaptive breakdown in the middle of the dines, 
then one would expect an increase of dvelopmental problems and an 
increase in developmental time in the middle compared to the ends. 
In each vial, in each generation the total number of flies was 








where Ni is the number of flies emerging on day I. Table 3-3 shows 
the number of times each vial1 in each set1 was the latest of the set 
to emerge during that generation; the number of times that vial had 
the highest "mean day emerging." 
TABLE 3-3 
Frequency that a given vial in a given set is the slowest to emerge 
(as measured by "mean day emerging") 
VIAL SET A SET B SET C SET D SET E 
1 3 0 1 3 
2 1 3 2 . 	 5 2 
3 1 1 2 3 4 
4 2 2 0 3 
5 1 1 5 2 2 
6 2 ..l 	•. 6 3 2 
7 4 1 0 1 3 
8 4 1 3 3 2 
9 3, 6 3 6 0 
10 4: 5 2 2 1 
11 3 1 4 1 2 
12 1 . 	 2 0. 2 2 
13 	. 1. 1 2 2 1 
14 2 3 . . 3 1 3 
15 4 3. 0 1 . 3 
TABLE 3-4 
Data from table 3-3 grouped by "ends".vs. "middle" of dines 
Set "Ends" "Middle" x P 
A 13 21 2.54 n.s. 
B .18 16 - 0.02 n.s. 
C 11 23 5.20 <.02 
- D 15 18 0.55 n.s 
E 21 12 1.02 n.s 
x2 in table 3-2 and 3-4 include Yates' correction 
Table 3-4 compares the data in table 3-3 with respect to 
"ends" and "middle." In this case the !middle" vials of set C have, 
on the average, a longer development time compared to the ends. Set 
A also shows adelayed emergence in the middle, but it is not signi-. 
ficant. Sets B and D have a very small X 2 and set E is also not 
significant. 	 - - 	 - 
Another possibility is to look for differences in fitness along 
the dines. The data each generation is in the form of numbers of• 
parental genotypes (after artificial selection and gene flow) and 
numbers of offspring (the following generation before selection 
and gene flow). These were convertd to frequencies such that male 
parents add upto one, female parents add up to one, and all offspring 
add up to one. Also,,a sex ratio, females divided by total, was 




Genotype 	 Parents 	 Offspring 
Bar males (By) 	 A 	 A' 
Wild males (by) 	 B 	 B' 
Bar females (BB) 	C 	 C' 
Heterozygotes (Bb) 	D 	 D' 
Wild females (bb) 	E 	 E v 
In order to get expected zygote frequencies it is necessary to take 
into account that Bar males are at a disadvantage. Dr. David Noakes 
kindly studied the behavior of Bar and Wild flies from the dines by 
observation of single pair courtships. Bar males had a significantly 
higher courtship time (from the first chase to copulation), and a 
significantly larger number of breaks in courtship than do wild - 
males. Female genotypes did not show any differences in mating 
parameters. In order to take account of Bar male mating deficiency 
when calculating expected offspring frequencies the following 
experiment was set up. Flies from vials 7, 10 through 15 were 
collected every 3 hours and stored separately for 3-4 days. Twelve 
replicates were set up, each with 25 By, 25 by, and 50 bb. These 
were allowed to mate under the same conditions as in the main 
experiment, and after 24 hours, females were placed into separate 
vials for'egg laying. . The offspring reveal which mating has taken 
place: 	. 
Replicate 1 2 3 4 5 6 7 8 9 10 11 12 Total 
By X bb 	17 
by X bb 	28 






































coeff (m) .38 .34 .26 .44 .38 .30 .31 .14 .17 .43 .36 .27 .31 
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Except for crosses 8 and 9, the results were fairly uniform. The 
mean mating fitness of Bar males was 31%, in other words, Bar males 
fertilized about a third as many females as did wild males. There-
fore the effective frequencies of male parents were not A and B, but, 
mA 	 - - 	B 
inA+B and 	 mA+B 
	 (3-11), 
where- rn- is a coefficient of mating fitness. The expected zygote 
frequencies can then be calculated according to table 3-5. 
Table 3-5 
PARENT AND OFFSPRING (ZYGOTE) FREQUENCIES 
Genotype Parents Effective Offspring Frequencies Parents Expected Observed 
By 	' A (C + 	) /2 ;- 	- a A' rnA+B 
by B B (E + 	)/2 	 =b B' mA+B 
BB C C mA 2(mA+B) 	+ 	) - 	=c C' 
Bb D D 1 d 2(mA+B)[ma()(C4)] 
bb E E 	- B  + ..) E' 
Note: A+B1, C+D+E1, a+b+c+d+e1, and A'+B'+C'±D'+E'=l. 
The observed fitnesses are- then, 
-. 	
- W1 (x) .A'/a 	 W3(x) = C'/c 
W4 (x) = D'/d 	 (3-12). 
:W2 (x) = B'/b 
	
w5(x) = E'/e 
It is possible that the mating success of Bar or normal males 
was related to their genotype frequencies such that rare males were at 
an advantage compared to the more common males. This has been found 
by Petit (1951, 1954, 1958) and Ehrman (1966, 1967, 1970, Ehrman and Petit, 
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1962) for Bar and other mutants in Drosophila. This has a plausible 
behavioural basis because females choose their mates after a complex 
courtship sequence. It is possible that the females may become "adapted 
Out" to the courtship pattern of the more common male genotype (just 
as we may become accustomed to, and no longer notice, the noise of 
heating systems). If a rare type has a different courtship pattern, 
and begins to court a female, the situation may be equivalent to 
courtship in the absence of the common males, because they no longer 
provide courtship stimulus (Manning and Ewing, in conversations, 1972).. 
Not allowing for this effect may result in a spurious frequency-
related fitness in females (see table 3-5). 
Although experiments, were not attempted to test for frequency-
dependent mating, it is possible to estimate m directly from the dine 
data. The following method is subject to many errors, but at least 
it should reveal any relationship between male frequency and male 
matIng ability. .......... 
Assume that the fitness of normal males (by) and-normal females 
(bb) are equal, or W2 (x)=W5 (x). This is reasonable because the sex 
ratio in Kaduna was never found to be significantly different from 
1:1. To help to eliminate, random effects the expected numbers of 
male andrfemale zygotes were taken to be (1-SR) and (SR) respectively, 
where SR, the fraction of females, is taken from the total number of 
emerging adults in the vial for which in is being calculated. (The 
variance of m was found to be slightly higher using SR=0.5). Taking 
fitnesses relative to normal males, we have from table 3-5 and 
equations (3-12): 
A'. = Wp(l-SR)(mA+B)/T 
= q(l-SR)(mA+B)/T 
= W(SR) (mAp)/T 	 (3-13), 
= W(SR)(mAq+Bp)/T 
= 	(SR)(Bq)/T 
• where p = (C +), q = (l-p) = CE + ), and T is a normalizing 
factor such that A' + B' + C' + D' + E' = 1. 
Taking B' and E', we can now solve for m, which is: 
in = B[B'(SR) - E'(lSR)] 
AE' (1-SR) (3-14). 
(Note also, that solving for W using A' and B' gives the correct 
answer, Wa = qA'/pB' ; in a sex-linked locus, male mating effects 
do not effect fitness estimates.) • 
The mating efficiency coefficient, m, was estimated by (3-14) •for 
each deme in each set in each generation, where both male genotypes 
were present. There was no evidence for any relationship between m and 
A, and the mean value of in in each set was rather similar to in estimated 
in the mating tests, when in was calculated from the dine data (table 
3-6). 
Observed fitnesses were calculated for each genotype in each vial 
in each generation, using equations (3-12), with an arbitrary constant 
mating value of m = 0.31. The mean fitnesses(* 1. S.E..) in each deme, 
for generations 20 through 35, are shown in figure 3-7. It is apparant 
that a genotype's fitness is a function of both its position (deine 
number) and its frequency. In most genotypes ; fitness rises sharply 
in the parts of the artificial selection gradient where the genotype 
is increasingly selected against, and also where it is very rare. 
Fitness remains roughly constant and near unity where a given 
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Table 3-6 
ESTIMATED MATING COEFFICIENT, mAND REGRESSION OF mONA 
SET A 	SET B 	SET C 	SET D 	SET E 
Generations 1 - 19 
Mean 0.303 0.456 0.303 0.506 0.500 
S.E. 0.034 0.048 0.044 0.077 0.053 
N (number of demes) 200 201 232 193 249 
m = K1 + K2A = KA 2 
K1 -0.128 0.466 -0.508 0.420 0.536 
K2 	 . 0.918 -0.001 2.124 0.077 -0.183 
K3 -0.841 -0.104 -1.916 0.193 0.101 
Significantly 
different from zero? 
F(2,N-2) 1.94 0.23 7.00*** 0.09 0.06 
Generations 20 - 35 
Mean 0.2.60 0.280 0.242 0.317 1.241 
S.E. 0.032 0.043 0.026 0.041 0.065 
N 178 140 173 134 228 
K1 0.111 	0.690 0.460 -0.437 2.357 
K2 0.317 -0.721 -0.497 1.325 -23.751 
K3 -0.177 	0.543 0.527 -1.117 98.924 
F(2,N-2) 1.20 	1.20 1.50 2.95 17.39*** 
Significant at P< 0.001 
genotype is common and favoured. In sets A and C the minimum observed 
mean fitness was not at the bar end of the gradient (vials 12 - 15), 
but in the middle, and fitness appears to increas.e with increasing as 
well as decreasing selection and frequency. This was not observed in 
the earlier generations (0 to 19). The sharp negative frequency-
relationship was also not as distinct in the early generations. 	. 
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frequency-dependent effects, curvilinear regression of fitness on 
expected zygote frequency (in = 0.31) was carried out. Table 3-7 
gives the regression lines for each genotype in the later generations 
(20-35) and figure 3-8 illustrates the frequency-dependent relation-
ship. 
Table 3-7 
EQUATIONS RELATING FITNESS AND EXPECTED ZYGOTE FREQUENCY (in  
• Equations are of the form W = K1 + aK
2  + a2K3 
SET A SET B SET C SET D.  SET E 
By K1 1.669* 1.679* 1.704* 1.381* 1.633 
K2 -3.559 -2.989 -3.581 -1.873 -14.632 
K3 6.275 4.812 6.016 3.475 95.027 
by K1 2.031* 1.989* 1.942* 1.54* 1.857 
K2 -3.524 -3.130 -3.071 -2.657 -1.901 
K3 . 	'4.416 3.639 3.754 / 2.908 2.015 
BB K 0.489.* 0.881 0.910 0.941 29.642 
4 1.590 -0.372 -0.879 -0.498 -5058. K3 -2.109 1.133 2.391 0.972 34736. 
Bb • 	K 1.368 1.772 1.368 1.451 2.858* 
K1 -1.728 -3.783 -1.581 -1.210 -37.529 
4 0.617 3.821 -0.474 -3.938 "8.889 
bb K 2.634* 3.184* 3.587* 3.099* 0.266 
4 . 	-5.696 -7.801 -9.264 -7.446 • 	1.550 
K3 7.224 10.193 12.213 10.195 -1.709 
* Asterisk means overall regression is significant at P = 0.05 or 
better. 
Data from generations 20 - 35 
The addition of the quadratic term to the regression is not 
especially helpful in describing the frequency-dependent relationship; 
considering the variation in fitness among vials and between generations, 
a simple linear regression is an accurate enough measure. Table 3-8 




LINEAR EQUATIONS RELATING FITNESS AND ZYGOTE FREQUENCY (w=K1 + aK 
Generations 0 - 19 
SET A SET B SET C SET D SET E 
By tK I  0.970 0.860 1.097 0.732 0.928 
-0.421 -0.051 -0.857 0.410 -0.389 
by K 1.521. 1.507 1.436 1.430 1.213 
-1.196 -1.144 -0.977 -0.928 -0.445 
BB K 0.961 0.959 0.842 0.975 1.361 
-0.920 -0.833 -0.334 -0.596 -4.684 
Bb K 0.984 1.139 1.212 1.119 1.037 
4 0.026 -0.557 -0.950 -0.428 -0.167 
bb K 2.685 2.039 2.282 1.693 0.920 
4 -3.747 -2.435 -36023 -1.546 0.109 
Generations 20 - 35 
• 	By K1 1.164 - 	1.143 1.232 0.991 1.374 
K2 -0.696 -0.658 -0.911 -0.244 -5.691 
by K1 1.456 1.451 1.385 1.437 1.027 
K2 -1.053 -0.986 -0.907 -0.945 -0.079 
BB K1 0.587 0.694 0.657 0.765 3.4 
K2 0.742 0.347 0.439 0.162 	''-30 
Bb K1 1.345 1.620 1.379 1.626 1.584 
K2 -1.524 -2.599 -1.691 -0.245 -7.433 
bb K 1.950 . 2.126 2.307 1.931 1.017 
4 -2.086 -2.311 -2.953 -2.002 -0.069 
Underlined figures are significantly different from zero slope 
at P = 0.05 or better. 
Figure 3-9 illustrates the development of the negative frequency-
dependent effect in time. For the first five or six generations the 
slope (K2) is positive (and usually insignificant), later it becomes 
negative, and remains at about the same mean level for the rest of 

























FIGURE 3 - 8 
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FIGURE 3 -9. The development of frequency-dependence1 
There does not seem to be any facile explanation for the 
negative frequency-dependent effect. That it is found in males as 
well as in females suggests that it is not a result of a male 
mating effect. It might be a female mating effect (table 3-5). If 
rare females were inseminated sooner than the more common ones they 
might lay eggs earliest, and their offspring might then be subject 
to less intense competition for food, and hence be subject to less 
"natural selection" than the bulk of the common genotype larvae. 
know of no evidence for earlier mating of rare females, however. 
The negative frequency-dependence may also be a result of a 
Bar "niche" and .a Wild "niche" in each deme. If some fraction of 
the resources used by wild flies cannot be utilized by Bar flies 
and vice versa, a rare type would have plenty of food, and would do 
well, whilst the common type would be subject to intense competition. 
Again this is highly speculative. 
The fact that the effect develops in time implies that it is 
not an artifact of measurement. Whatever the reason .f or the negative 
frequency-dependent selection, it is difficult to explain on the 
basis of one-locus theory. 
It would be interesting to know whether there is any position-
dependent relationship between expected zygote frequency and fitness. 
One possible way to examine this is to plot the deviations from 
expected fitness (expected on the basis of frequency-dependence) at 
each position in the dines. For brevity I will call these fitness 
deviations. The prediction equations in table 3-8 were used to 
calculate fitness deviations for all vials in all sets, in each 
generation according to: 
3-31 
3-32 
fitness deviation = Fd 	= (observed fitness) - (expected from table 3-8) 
Fd1 (x) A'/a -(aS1+ 1i 
Fd 2 (x) = B'/b -(bS2+  
Fd3 (x) = C'/c -(cS3+ (3-13) 
Fd 4 (x) = D'/d -(ds 4+  
Fd5 (x) = EVe -(eS5+  
Where A' and a are given by (3-12), and Si  is the slope and I. the 
intercept of the frequency-dependent relationship given in table 3-8, 
f or the i'th genotype.  
Figure 3-10 shows the fitness deviation for each genotype in 
each set, averaged for generations 0-19, and 20-35, separately. A 
positive fitness deviation indicates, that more of that genotype sur-
vived than expected on the basis of the-overall frequency-dependent 
relationship. - 
Bar males, Wild males, and Wild females show a distinct 
reduction in Fd in the centre vials in the later generations, partic- 
ularly in setsA and C. There is no sign of a consistent effect in 
the early generations. These same genotypes show an increase in 
fitness deviation in the end vials in the later generations. Hetero-
zygotes show a distinct position-dependent change in fitness; positive 
in the Bar region and negative in the wild regions of the dines. 
Only in females does the effect seem to be the same in replicates 
with gene flow and without gene, flow; in the males the effect appears 
to be greater in the replicates with gene flow. 'The effects in 
females appear to be of greater age than in males. 
The results are strongly suggestive of the presence of 
coadaptive modifiers, differentially distributed along the dines. 
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Out the possibility of artifactual results. However, there is one 
point worth mentioning. Wherever a particular genotype becomes rare, 
its expected genotype numbers become less thanone. If the "real" 
fitness of a genotype were 0.5, and_-the expected number of zygotes was 
0.5, on the average 0.25 flies would emerge. Fitnesses are calculated 
on each total emergence. Therefore if one fly came out the observed 
fitness would be 2, and if no flies came out, the observed fitness 
would be zero. If two flies came out the observed fitness would be 
4. As this could lead to a spurious negative frequency-dependence, 
all fitnesses calculated on expected genotype numbers less than 
0.9 were excluded from all calculations. The calculations and 
figure 3-10 take account of this potential problem, yet the mean 
fitness deviation is still very high when the given genotype is 
rare. We must therefore conclude that the negative relationship 
between expected zygote frequency and observed fitness is nonlinear, 
and increases with 1ncreasing extremes in zygote frequency. 
If we ignore the vials with low genotype frequency we see 
that fitness deviations are largest where the genotype frequency is 
highest, and that heterozygotes have a highest Fd at the Bar end of 
the dines. This is what one'would expect if type II modifiers have 
spread in the dines. 
There does not appear to be any effect of gene flow; in males 
there is a suggestion that the effect may be stronger in the gene 
flow replicates (A and C) than in the others.. Again, this is 
expected since coadaptive modifiers could spread from deme to deme. 
If coadaptive modifiers have spread between vials (sets A and C), 
we would expect a higher correlation between adjacent vials of 
fitness deviation in. the sets with gene flow (A and C) than the sets 
3-34 
with selection but no gene flow (B and D). Table 3-9 shows these 
correlation coefficients. 
Table 3-9 
Correlation coefficients of fitness deviation between adjacent vials 
r's are underlined if significant at 0.05 or better. 
Genotype 	SET A 	SET B 	SET C 	SET D 	SET E 
Generations 0 - 19 
By 0.130 0.175- 0.406 0.092 0.204 
by 0.035 0.256 0.273 0.095 0.170 
BB 0.317 0.049 0.191 0.178 0.177 
Bb 0.555 0.267 0.389 0.268 0.144 
bb 0.576 0.185 
- 
0.356 0.647 0.345 
Generations 20 - 35 
By 0.567 0.140 0.475 0.326 -0.100 
by 0.150 0.117 0.349 0.176 0.096 
BB 0.357 0.203 0.272 0.252 0.000 
Bb 0.350 0.260 0.391 0.222 -0.075 
bb 0.278 0.377 0.098 -0.069 0.246 
The selective sets with gene flow (A,C) in the latter generations do 
indeed have a higher correlation among adjacent vials than those 
without. The effect is greatest for the non-wild genotypes. This 
is what one would' expect if only wild-coadapting modifiers were 
present in the original K.aduna population. 
An experiment was set up specifically to test for the possibility 
of coadaptation. Virgin flies were collected every 3 hours from the 
dines at generation 33. For each set the following procedure was 
adopted. Flies were taken from vials 4, 7, 11, and 14. Thus four 
points were chosen symmetrically about the p=0.50 location (vial 9) 
far apart (4 and 14) and close together. These will be referred to 
as the "far" and "near" vials, respectively. The following crosses 
were then set up: 
3-35 
"far" X "far" 	4 X 4 
14 X 14 arents p 
4 X 14 
14X 4 
"near" X "near" 	7 X 7 




Each cross (8 per set) consisted of 50 males and 50 females at 
approximately the same genotype frequencies of the vials they came 
from. These were assorted on the basis of random mating expectation 
and placed together in single pairs to mate for 48 hours. The flies 
were then collected together and placed in egg laying chambers without 
ether. Egg laying chambers were patterned after David Briscoe's; they 
consisted of a plastic beaker with a hole opened in the bottom, plugged 
with cotton-wool, and upended over a' 5 cm. plastic petri dish filled 
with yeasted Edinburgh Drosophila medium. Eggs were collected at two 
24-hour intervals, simply by replacing the petri dish at the bottom 
while attracting the flies to light at the other end of the beaker. 
No escapes were made'during this process. From each cross four batches 
of 200 egs (two days of egg collecting) were placed by means of a 
flattened needle;onto the medium in the larvae vials. The larvae vials 
were weighed before and after putting in fresh medium, and each contained 
5.000.05 gm. of medium. All were stoppered with weighed plugs of 
cotton-wool. 
As in the main experiment flies were collected for six days. In 
addition to the usual scoring of genotypes and counting the numbers 
that emerged each day, the vials were weighed before and after the flies 
were removed. Thus dat is available on the biomass as well as the 
total numbers emerging from each replicate of each cross. Virgins of the 
F1 and parental crosses were crossed to themselves to form the 
F2 by the same method. - 
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Figures 3-11, 3-12 show the result of each cross for numbers 
and for biomass. The data may be found in appendix 4. 
Figure 3-11 shows the numbers emerging. In all the "far" crosses 
(except for those of Set E) the mean number emerging in the F1 is 
greater than the parents raised under the same conditions. This is 
not true for the "near" crosses. There is no consistent result for 
either. "far" or "near". in the F2 . 
Figure 3-12 shows the biomass emerging. Again, in all the "far" 
crosses from replicates with artificial selection (A - D) there is a 
- consistent -increase in biomass emerged in the F 1 compared to the 
parents. This is true for the "near" crosses in A, B, and D, but not 
in C. The F2 is lower than the parents in sets A, C, and B, but not 
D, in the "far". Thee-: opposite is true for the "near". Set E 
resembles the other sets in its lack of concordance. 
In summary, the following suggest the presence of coadaptive 
modifiers in the experimental Drosophila dines: 
1.- . Increase in Bar gene frequency after initial loss in 
sets A and C. - 
Gaps and constancy of gene frequency at which they 
appear. 
Set A shows a significant excess of females in the 
centre of the dines compared to the ends. 
Set C (and possibly set A-) shows a significant delay 
in emergence in its centre compared to its ends. 
Development of frequency-dependence betwee fitness and 
zygote frequency in time. 
Position-dependent fitness and deviations in fitness, 
• of the sort predicted by theory. 
Correlation between adjacent vials of adjusted fitness 
is higher in gene flow replicates than in replicates 
without gene flow. 	• 	 - 
3-37 
Cross dine crosses, when made far enough apart on 
the dines, produce more flies than parents under 
controlled conditions (F 1 , "far 11 ). 
Cross dine crosses, when made far enough apart, 
- produce a greater weight of flies than parents or 
F 2 under controlled conditions. 
Section 3.8. Conclusion for Chapter 3 
The most obvious result of all experiments is that the effect of 
40% gene flow is difficult to detect. Differentiation with respect 
to Bar and probably several other loci proceeded rapidly with little 
regard to whether the denies exchanged 40% of their members each 
generation or not. The results are consistent with the presence of 
both typeI (points 1, 7, 8, 9) and type II (2 - 9) modifiers. 
/ 
- 	 Chapter 4 
Parapatric Speciation 
with the fuller knowledge of the facts 
of variation we now possess, I think s it may 
be shown that natural selection is, in some 
probable cases at all events, able to accumulate 
variations in infertility between incipient 
species." A. R. Wallace, (1898, Ch. 7). 
The model with coadaptive modifiers presented in the last part 
of chapter. 3 has some interesting consequences with respect to 
speciation mechanisms. 
In the areas between differentially coadapted regions, 
populations will contain various combinations of genotypes with 
no, one, and two (or more) coadaptive modifiers. Under certain 
conditions this leads directly to "hybrid breakdown" (chapter 3). 
Any additional effects of unbalanced gene complexes will decrease 
the fitness of the more heterozygous individuals relative to the 
parental types (for example,. Moore, 1949a). 
As suggested by Wallace (1889), Dobzansky (1937, 1940) and Mayr 
(1940, 1942,1955, 1963) any postmating disadvantage of hybrids will 
favour genes that promote assortative mating; assortative mating 
avoids the "wastage" of reproductive energy on ill-adapted genotypes. 
Consider, as in chapters 2 and 3, a single locus A with two 
alleles A and a. The genotypes An, Aa, and aa have the usual 
fitnesses, W1 . W29 
 and W3. Let there be another, independent, locus, 
D, with two alleles D and d. Let the presence of allele D in one of 
the A genotypes cause positive assortative mating with respect.to  A 
genotypes, and random mating with respect to all other loci. 
Following O'Donald (1960) let the presence of allele D in an A 
genotype cause assortative mating with a frequency m and random mating 
with a frequency (1-rn). Thus if D were fixed in a given population, 
and AA mates assortatively with AA, Aa with Aa, and aa with aa, the 
genotype frequencies of the zygotes of the next generation (D', H', 
and R') would be: 
AA: 	P' = p 2 (1-rn) + rn(p-H/4) 
Aa: 	H' = 2pq(1-rn) + m(H/2) 
- 	aa: - 	R' = q2 (1-rn) + m(q-H12) 	 (4-1) 
where p is the gene frequency of allele A, q = (l-p), and H is the 
heterozygote frequency of the parents (O'Donald, 1960). 
More generally: 
D' = p2 (l-m) + mf1 
U' = 2pq(1-rn) + mf2 
= q2(l-m) + mf3 	 - 	(4-2) 
where 	f2 , and £ 3 are determined by the type of assortative 
mating. 	 - 
When D is segregating in a population with a gene frequency 
i, and j(1-i), let the three D genotypes (DD, Dd, and dd) have 
the frequencies U, V, and Y. Let the effects of D be doinin4. 
The mating frequencies will then be as in table 4-1, and the 
offspring frequencies will be as follows: 
It 
II 
AA Aa •aa Total 
DD 	i2D' j21i, i2R' 
Dd 	i(j+V/2)D'+iYp 2 i(j+V/2)H.'+iY2pq i(j+V/2)R'+iYq 2 2ij 
dd 	j(V/2)D' + jYp 2 j(V/2)H' + jY2pq j(V/2)R' + jYq2 j2 
ASSUMING THAT MATING FOLLOWS (4-1). 
If selection is only with respect to • the A locus, and genotypes 
AA, Aa, and aa have the fitnesses W1 , W2 , and W3 , then it can be shown 
that D will spread to fixation if: 
mY(pq-H/4) [W1+W3 -2W2 ] > 0 	
(43) 
or simply, 
• 	. 	 [w1-1-w3-2w2 ] > 0 	 (4-4) 
Similar results may be found with other systems of positive 
assortative mating. This is exactly what is expected; if heterozygotes 
are at a disadvantage compared to homozygotes, then. any genes causing 
a reduction of heterozygote frequency by changes in mating frequencies 
will be favoured over other genes not causing positive assortative 
mating. 
Can differential coadaptation lead to a combination of A locus 
fitnesses which fulfill condition (4-4)? 
Consider the model of chapter 3 with two modifier loci,B and 
C. We will now .add locus D and find the conditions for parapatric 
speciation. Let allele B have a gene frequency r, and b have a gene 
frequency s=(l-r). Let allele C have a gene frequency t, and c have 
a gene frequency u(l-t). Let all four loci segregate independently 
and all but A mate at random. Then, as in chapter 3, let the fitnesses 
of the A genotypes be as in table 4-2. 
4-3 
- TABLE 4 - 1, PARENTS' MATING FREQUENCIES 	ASSORTATLVE MATING GENE (D) SEGREGATING 
Mating type AA by AA AA by Aa 	Aa by Aa AA by aa Aa by aa aa by aa 
DD by DD 	U2 U?K1 U2K2 	 U 3 U 2K4 U 2K5 U 2K6 
DD by Dd 	2UV 2IJVK1 2UVK2 	2UVK3 2UVK4 2UVK5 2UVKb 
Dd by Dd 	V2 VK1 V 2K2 	 V 2K3 V2K4 V2K5 V 2K6 
DD bydd 2IJY UY[K1+D2 J UY[K2+2Dli) 	UY[K3+R2 ) IJY[K4+2 DR] UY[K5+211R] UY[K6+R2 ] 
Dd by dd 	2VY VY[K1+D2 ] VY[K2+2D}11 	VY[K3+R2 ] VY[K4+2DR] VY[K5+2FIR} VY[K6+R2 1 
dd by dd 	y 2 Y2 D 2 Y 2 2D11 	YR Y 2 2DR Y 22. Y 2R2 
• K1 = D2 (1-m)+rnD Genotpe Frequencies 
K2 =2DH(l-m) 	 • AA: D 
2 





1(4 =2DR(l-m) DD: U 
Dd: V 
1(5 =2RR(1-m) dd: Y 
K6 = R2 (1-m)+mR Loci A and D not linked. 
4-5 
TABLE 4-2 	Mean fitnesses of modified A genotypes 
Modifier 'AA ..... - 	 Aa aa frequency 
bbcc W11 W 2 W s 
2 
 u 2 
Bbcc ( 2rsu 
Wl+a W2+b W3+c 2 2 
BBcc - ru 
bbCc Th . (s22tu 
W1+d W2+e W3+f 2 2 
bbCC St 
BbCc ' 	 (2rs2tu 
BBCc 	 r2tu 
BbCC 	
W1+k1 (a+d) 	W+k2 (b+e) 	W3+k3(c+f) 	
2rst2 
BBCC) 	 . 	
( 22 
rt 
From table 4-2 the overall fitness of each of the A genotypes is: 
W1 = W + a(1-s2)[u2+k1(1-u2)](1-u2) [s2+k1(142)] 
W2 = W2 +b(1-s 2) [u2+k2 (1-u2)]+e(1-u2)(s2+k2(1-s 2 )1 
+ c(1-s )[ +k(l 	))+f (1-u2 ) [s 2+k3 (1-s 2)) 	(4-5) 
From (4-3) and (4-4) a gene (D) causing assortative mating with 
respect to locus A will spread if: 
[W1+W3-2W2 ]+(l- s2 ) [u2 (a_c-2b)+(l-u 2) (ak1+ck3-2bk2) 1+ 
(1-u 2) [s 2 (d+f-2e)+(l-s 2) (dk 1+fk3-2ek2)]> 0 	(4-6) 
Or, more simply, if k1=k2 k3 1, then (4-5) becomes: 
	
[W
1+W3-2W2 ]+(1-s 2) [a+c-2b]+(l-u2) [d+f-2e)> 0 	(4-7) 
4-6 
There are therefore a large number of conditions which favour 
the spread of assortative mating genes in a dine affected by modifiers. 
Modifiers which are especially favourable for parapatric speciation 
include those which have no or negative effects on heterozygotes (b, 
and, or, e zero or negative), and modifier genes which interact with 
other such genes such that k2 is small or zero. The restrictions of 
(4-6) are somewhat relaxed if the unbalanced gene complexes of hybrids 
are subject to developmental or physiological problems; this reduces W2 . 
We may find a stable hybrid zone (such as in Heliconius erato, 
Turner, 1971, or the Hooded and Carrion Crows, Meise, 1928) if the 
modifiers permit acline with a morphotone to develop, but do not 
fulfill4 (4-6). It is therefore not possible to predict the outcome of 
secondary contact; even if there has been marked divergence in the two 
types, if they can still interbreed when they meet after isolation, 
whether or not they fuse depends upon the interaction of the major and 
minor components of fitness. 
If only type I modifiers (chapter 3) are present, assortative - 
mating genes can still spread; (4-6) is then the condition for sympatric 
speciation because,-then a, b, c, d, e,and f are all positive, type 
modifiers will spread throughout the dine. This is ana1cgous to 
Maynard-Smith's (1966) conditions, but with more than two environments. 
White (1968, White, etal., 1967) discussed one form of "stasipatric" 
speciation in which a new chromosomal rearrangement appears in a local 
patch within the species zone, and is partially or wholly sterile with 
the other chromosome arrangements. It then is supposed to spread 
(assuming it is not lost by chance or selection) through all or part 
of the existing species range. Since it is isolated from the rest of 
the species by the inviable hybrids a new specias has formed. If we 
substitute type I modifier genes f or chromosome arrangements in the 
4-7 
argument, and if the modifiers fulfill (4-6), then the process is 
more likely, although it will not be as rapid. If all modifier 
coefficients are positive (type I), however, there are fewer combina-
tions of modifiers which fulfill (4-6) compared to type II modifiers. 
Therefore parapatric speciation is more likely than sympatric or 
It s t as ip atrictt speciation. 
As discussed in chapter 2, the effect of a partial barrier is to 
enhance the effect of differentiation along a dine. This applies to 
minor (modifier) genes as well as to major genes. The effect of a 
barrier would not be to change (4-6), but it might increase, the rate 
of the process by allowing two zones to become even more sharply' 
differentiated.than they might be in its absence. As postulated by 
Mayr (1963) and others increased isolation may allow greater 
differentiation of the entire genome, reducing W 2 for any inter group 
crosses. We thus mightexpect to see more species pairs coming together 
in mutually inferior habitats than in more constant salubrs 
environments. however, this would result from any of the other forms 
of geographic speciation; population size in a contact zone cannot be 
used as a clue to what speciation process has occurred. 
-. Summary of chapter 4. 
The presence of coadaptive modifiers in a dine can lead to the 
evolution of assortative mating if the modifiers result in a net 
deficiency of major gene heterozygote fitness. Depending upon the 
type of modifiers present, either parapatric or sympatric speciation 
is possible, according to condition (4-6). Parapatric speciation is 
more likely than sympatric speciation because the restrictions of (4-6) 
4-8 
are notas severe for type II modifiers. Restriction of gene flow 
(partial barriers) does not lead directly to speciation, but may 





"Any success in solving the problems in the 
present study is due part-ly to firsthand 
knowledge of the complex topographical and 
ecological situations along with extensive 
collecting at critical localities." 
Sibley (1950, p. 109). 
The questions posed in chapter 1 were, 
Can sharp geographic differentiation occur across 
a spatially and genetically continuous series of 
- 	populations? 
a. Why do morphotones often not correspond sharp 
spatial environmental changes? Do morphotones 
require ecotones? 
- 	 b. Does gene flow really prevent spatial differentiation? 
Can dines give rise to "hybrid zones"? 
Chapter 2 has dealt with question 1. Morphotones can form in a 
dine through a continuous series of demes connected by gene flow. 
Morpho tones, or spatially sharp changes in gene and genotype 
frequency, need not form at the same geographical position asecotones; 
in fact ecotones are not required for morphotones to evolve. Gene 
flow is not nearly as strong adedifferentiating factor as has often 
been supposed. For gene flow to have much of an effect selection 
must be extremely weak, and mean gene dispersal distance very large. 
Geographic differentiation can be strong with respect to one locus 
responding adaptively to a selection gradient even though there may 
c be a continual and uninterrupted flow of genes among the component 
denies. If more than one locus responds directly to the same selection 
gradient, then several loci may become sharply differentiated geograhi- 
cally. 	- - 	 - 0 zufto 
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Chapter 3 provided further evidence that the effect of gene 
flow can be very small or immeasureable, and suggested a mechanism 
for the formation of "hybrid zones" in dines. 
Coadaptive modifiers which increase the fitness of a given 
genotype (or phenotype) will spread only where that genotype is 
-common, if the same modifier has a deleterious effect when present in 
one or more of the other genotypes. Different modifiers may have 
different effects, hence, different modifiers will spread in different 
parts of a dine, leading to differential coadaptation. The results 
of the experiments -suggest that at least the initial stages of 
differential coadaptation have evolved a "hybrid zone" from a smooth 
dine, as outlined in figure 1-2 (chapter 1). Whether a dine is 
smooth, steep, has or has not a morphotone, and exhibits great 
variability of intermediatedepends upon the selective forces and 
the action of the modifier genes, not necessarily simply on the 
•history of population structure. 
Chapter 4 briefly illustrates how the effect of coadaptive 	- 
modifiers on a dine may lead to speciation, or to some level of 
assortative mating. Given a morphotone or even a "hybrid zone" 
(a zone of increased variability of fitness, see-chapter 1) 
assortative mating may or may not evolve. It is quite possible for 
a "hybrid zone" to be stable but not evolve sexual isolating mechanisms, 
as in the hooded and carrion crows, as long as the effects of fitness 
modifiers do not follow condition (4-6). - - If the right modifiers 
are present parapatric speciation may result. If other kinds of 
modifiers are present, or appear in a dine with a "hybrid zone", then 
it may decay into a smooth dine. For the 'same reason, experimental 
interpopulation crosses may (e.g. Vetukiv, 1953) or may not 
(e.g. McParqar and Robertson, 1963) show hybrid vigour or hybrid 
breakdown. 	 - 
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We therefore find that figure -2 (chapter 1) has a firm genetic 
basis, and that all four modes of differentiation and speciation are 
possible. The least restrictive conditions for speciation are those 
for allopatric speciation, the most restrictive for sympatric, with 
allo-parapatric and parapatric speciation falling in between. Thus 
the three forms of geographic speciation would be expected to be 
more connuon in nature than sympatric. To distinguish among the 
former modes, a thorough understanding of natural clinal phenomena 
is necessary. 
The interpretation of clinal phenomena in natural populations is 
difficult because they require many parameters to be estimated. There 
are many possible spatial patterns of selection and gene flow that 
• 	can produce a given-dine structure; the actual geography of natural 
selection and gene flow must be worked out before an attempt to explain 
a natural dine in terms of a model or conceptual framework (Endler, 
1973, and see chapter 2). In order to explain a dine, especially a 
dine with one or more morphotones, the following kinds of data are 
required: 
1. The geography of population structure must be known. 
The neighborhood size, or number of breeding 
individuals per deme must be estimated. 
Mean gene flow rate per deme per generation must 
be measured. 
The distance among demes must be measured. 
Any systematic biases in gene flow direction must 
be measured. 
2. An accurate description of the dine must be made. 
The genetics of the clinal character must be known 
or worked out. 
The genotype and gene frequencies at each deme must 
be calculated at each de.me; distance between sample 
points or quadrat size should be of the order of the 
neighborhood diameter. - 
Selection coefficients should be measured at as many 
.sample.pointsas possible, using a dependable measure 
such as the genotype frequencies of very young juveniles. 
to breeding adults. 
5-4 
Data on development time, sex ratio., etc. (measures of 
coadaptive breakdown) should be gathered for as many 
sample points as possible. 
Replicated crosses between and within different parts 
of the dIne should be made to test for differential 
coadap tation. 
Environmental measurements should be made at as many 
sample points as possible since microclimatic differences 
may be large over short distances (chapter 2). 
The relationship between an environmental gradient and 
selection should be worked out or known. 
For requirements 1 and 2, causa scientJae patet; one should know 
what one is trying to explain, see also chapter 2, and Bradshaw (1962). 
Probably the best way of obtaining samples is to first measure dispersal 
distances and estimate the neighborhood area, then take samples along 
transects at intervals corresponding roughly to the neighborhood 
diameter. If each sample area is too large then the form of the dine 
will be obscured (Bradshaw, 1962, Pielou, 1969), and if smaller than 
the neighborhood area. the inter-sample variation may be large and the 
q&o 
dine form4 obscured. See Pielou (1969) and Southwood (1966) for a 
further discussion of the effects of differing quadrat size in sampling 
spatial phenomena. 
Requirements 3 through 6 follow from the results of chapters 2 
and 3. Unless one has a detailed map of selection coefficients for 
each genotype it will be impossible to give a unique explanation for 
the observed dine; several patterns of selection can result in the 
same dine shape. If the gene flow distance is not known it is. even 
more difficult; a given clineshape can result from one of many 
selective models, and for any given selective model it will not be 
;known whether the dine results from a given degree of selection and 
gene flow, weaker gene flow and stronger selection, or vice versa. 
Requirements 1 through 3 areneeded to explain a dine by a one- 
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locus model. If and only if no one-locus model will fit the dine, 
then data from requirements 4 and 5 can be used to test whether or 
not differential coadaptation has taken place. In order to prevent 
the coadaptive hypothesis from becoming a "dustbin" explanation one 
should not invoke it unless one-locus models provide a poor fit to 
the data. 
Requirement 6 can be used to enquire whether or not any 
environmental variable is associated with the.clines. For example 
Hewitt and Ruscoe (1971) found a temperature gradient associated 
with dines in B-chromosomes in the grasshopper Myrmeleotettix 
maculatus. Requirement 7 is used to relate the environmental gradient 
to fitness. As mentioned in chapter 2, Birch (1945) worked out in 
detail the percent mortality in'Calandraoryzae and Rhizopertha 
dominica beetles as a function of temperature and amount of available 
moisture. If one then measures an environmental gradient in both 
these factors one should be able to predict the dines. If Birch's 
data had been on two genotypes of a given species a fairly precise 
prediction of dines would be possible. The relationships do in fact 
work for predicting which species is found in a given set of conditions. 
It is necessary to emphasize that there is no reason why there should 
be a linear relationship between afitness gradient and an 
environmental, gradient (see chapter 2); one may be able to measure 
fitness, but not environment in the same dine, and one may be able. 
to find a relationship between one genotype and the environment, but 
the error in estimation may be too large to detect a relationship in 
the other genotypes, see chapter 2.- 
4 	 If any of the required data are not gathered it will be impossible 
to provide a unique biological exp1anation of a dine, unless it is 
associated with an unusual historical, physiographic, or climatic 
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situation. Most of the published studies of dines suffer from 
this problem, as can be seen in table 5-1. 
As an example, consider Bishop's work on the dine in melanism 
in the moth Biston betularia (Bishop and Harper, 1970, Bishop, 1972). 
This is the most complete study of a dine which has come to my 
attention, yet there is not enough data to give one explanation 
(table 5-1). Requirements 1 to 3 have been partially met, although 
his sample points are too far apart. He estimated that 95% of the moths 
move less than 5 km. in 24 hours, yet his sample points are much more 
widely spread. Selection due to visual predation was estimated at 
several localities, and found to be roughly linear with distance 
from Liverpool. However, as he says, there are other forms of 
selection than visual predation, and his estimates are incomplete. 
Carbonaria is a dominant, so as far as visual selection is 
concerned, considering his measured fitness measurements, the dine 
should follow model A. However, the clime is not as strongly 
S-shaped. From his fitness values we can see that the null point in 
(visual) selection should fall between Eastham Ferry and 1-lowarden. 
The models (chapter 2) predict that the gene frequency of a dominant 
gene should be between 40 and. 50% in the vicinity of a null point in 
selection. However the observed dine goes through 40-50% between 
Loggerheads and Lianbear, many kilometres.southwest of Howarden. From 
chapter 2 there are three possible explanations. There could be a 
deleterious effect of typica at some stage of the life cycle which 
is regardless of locality, and which is not found in carbonaria; 
perhaps typica is more sensitive to the effects of general insecticide 
or other pollutant levels—this position independent selection would 
shift the clime away from Liverpool as is observed (see chapter 2). 
The. absolute survival value gradient-s (which can be calculated from 
Bishop's data) have gentle slopes; only a small deleterious effect of 
TABLE 5 - 1. PUBLISHED CLINE STUDIES AND POSSIBLE EXPLANATIONS 
	
Legend: 1-7: data requirements (chapter 5) 	. 	. :restricted gene flow in vicinity of morphotone 
A-I: dine models 	(chapter 2) Ect. :one or more ecotone model (A'-I') explanations 
coadaptation dine model possible (chapter 3) 
x : data collected, or possible explanation. I: data incomplete or a crude estimate 






Or thopt era 
DATA I POSSIBLE EXPLANATIONS 
SPECIES REFERENCES la lb lc id 2a 2b: 	3 4 	5 	•6 	7 R. A B C D E F G H I Ect. Cd. 
Nisc. animals Remington (1968) I I I I I W 	I I I 	I X X X X X X X X X X X X 
Schizoporella Schopf and Gooch, 
errata 1971, Gooch and - X W W X X X X X X X X X 
Schopf, 1971 
Jaera albifrons Bocquet, 1969 . I W 	I I 	I 	I 	I P X X X X X X X X X x x 
Misc, insects Thorpe, 1930,'31 
Hubbell, 1956 
Sammeta & Levins I I W 1 X X X. X X X X X X X X X 
1970  
Philaeneus Halkka, 1962-1964 . 
pumarius Halkka and x x I X W. I 	X P x x Mikkola ,1965, 
Halkka et al., 
1966-1967 
Myrmeleotettix John and Hewitt, - 
maculatus 1965, Hewitt & 
John, 	1967, 1970 
Hewitt & Ruscoe, 
1971, Hewitt & 
Brown, 1970  
"Morabia" 
scurra group White et al., 
I I X W X X X X X X X X X X X X.  1964, 	1967, 
White, 1968 
Lepidoptera 
DATA POSSIBLE EXPLANATIONS 
SPECIES REFERENCES la lb_ ic id 2a 2b 3 4 	5 	6 	7 R. A B C D E F C H I Ect. Cd. 
Arphia conspersa Willey & 
Willey,1967 	'71 , 
I X W X X X X X X X X X X X 
Acraea Johnsoni Hale Carpenter, 
_________________ 1932 
x w.t II P XXXXXX X X x 
ArgyrLs 
callippe Hovanitz, 1943 
Ama thes 
glareosa Kettlewell, 1961, I I X I W L I 	I P X X X X X X X X X 
Kettlewel]. & 
Berry, 	1961,1969,  
Biston betularia Clarke & Sheppard, 




tullia Ford, 1954 
Colias spp. Hovanitz, 1944a, 
1944b, 	1953,Watt, X I X W I 	I X X X X X X X X X 
1968  
Euphydryas Ehrllch,1961,1965, 
editha Labine, 	1964,1966, x x Ix x i x I x P x x x x x x x x x 
Ehrlich & Mason, 
1966  
Heliconjus spp. Turner, 1971 I I I W I I 	I 	I X X ' X X X X X X X 
'LIenitis spp. Platt & Brower, 
1968 I I X  P X X X X X X X X X 
Lymantria 
dispar Co].dschinidt 1 l934 IXI P XXXXXXXXX X x  
Maniola 
:iurtina Ford, 	1964, 	1971, 
Dowdsweil Ford, I I X I I P X X X X X X X X X 
1953, Creed, 
1971 
Oeneis chryxus E[ovanitz, 	1940 x 	- x x x x x x x x x x x x 
PapiJ.io 




DATA POSSIBLE EXPLANATIONS 
SPECIES REFERENCES la 	lb 	ic 	id 	2a 2b 	3 4 	5 	6 	7 Rg. A B C D E F G H I Ect. Cd 
Ppilio Ford, 1964, xi dardanus 1971, Clarke &  < X X X X X X X x x 
Sheppard_,1962  
Phi all a 
pedarina Lees, 1971 ¶1 X X X X X X X X X X X X 
aboea Lucas, 1969 X 
Tisiphone  
W / X X X X X X X X X X 
Zygaena 
pia1ates Bovey, 1941 XXXXXXXXX 
Harmonia  
axyrides Komai, 1954, 
Komai et al., 










bipunctata Creed, 1971 W  XI X  XXXXXXXXX X 
Carabus mollis 
Bembidon gropei Lindroth, 1949, 
1953, Den Boer, 1•1 	r 	x 	x w x p XXXXXXXXX X 1971, Haeck, 
1971 - 
Apis rneflifera Alpatov, 1929 
* 
w x x x x x x x x x x x x x çynips group Kinsey, 193/, 
Coldschmidt, W I X X X X X X X X X X x 1937 
Hopl.Lt5.s Michener, 1957 
albifrons W I P X X 
Diptera 
Mo lius ca 
Pisces 
flAT A 	 I 	 'rrie cr 	i, rmT 
SPECIES REFERENCES la lb lc ld 	2a 2b 3 	4 5 6 	7 Rg. A B C D E F GH I Ect. Cd 
Drosophila Dob zhansky, 1951, 
pseudoobscura 1970, 	1933, 1947, X X X X W I X I X X X X X X X X X X 1948,1969 
Drosophila 
robusta Stalker & Carson, I x w / I p x _x 1947, 1948 /7 
Drosophila 
persirnilis Spiess, 1950 •X W I X X X X X X X X X X X 
Arnadora 
trapezia O'Gower & Nicol, X W X P X X X X X. X X X X 
1968 
Acrnaea spp. Test, 1946 r i w i p x x x x x x x x x x x Ceaea 
nernoralis Wolda, 1969a,b X I I I 	X X X P X X X X X X X 
Cepaea nernoralis Cain,1971, -- 
• Carter, 1968, 
Arnold,1968 X X. X X 	X X I I P X X X X X X X X 
Cepaea hortensis Cain & Currey,1963a, 
c,1968, Currey & - 
Cain, 1968 
Day & Dowdswell, 
1968, Goodhart, 
1963 
Clarke & Murray, 
1962 
Cepaea 
• x vindobinensis Jones, 1972 
Nucella spp. Clench, 1954 w x x x x x x x x x x x -x Partula Clarke, 1968,Clarke & - 
Murray, 1969, 1971X X. X X X X X P X X X X X X X X X X 
Anqplarchus 
P X X X X X X X X X . X X purpurescens Johnson, 1971 X 	W 	X 	I 
Catastomus - - • 
clarkii Koehn, 1969 X W X 	I P X X X X X X X X X X X 
Cod,Herring, -- 






- DATA POSSIBLE EXPLANATIONS 
SPECIES REFERENCES la lb lc ld 2a 2b 3 4 5 6 	7 Rg. A B C D E F C H I Ect. Cd. 
Gasterosteus x x x x x x x x x x 
aculeatus Hets, 1947 
Gasterosteus Hagen, 1967, 
aculeatus Miller & Hubbs, x x x x x xi IX X XX X X X X X 1969, Flagen & / 
McPhail, 1970  
Notropis spp. Gilbert, 1961, 
I • I W X X I X XXXX.XXXXX x Flubbs, 1943_  
Pimephalis 
promelas Merritt, 1972 
1Yinognathus 
spp. Dunn, 1943 X WI X 
X X X X X X X X X X 
l5lethodon, spp. Hairston, 1950, 	- 





Bufo regularis Low, 1968 w x x .1 P X x x x x X X X x x 
Crinia,spp. Littlejohn et 
al.,1971, I I I WI P XX X X X X X X X 
Moore, 1954 
Pseudophryne 
W? X ,X .X X X spp. Woodruff, 1972 
Ranapipiens xxxxxxxxx x x. 
complex Moore, 1944-1957 
Gerrhonotus I X X X X X X X X X X X X 
spp. Fitch, 1938 
Thmnophis spp. Fitch, 1941, Fox, 
X.  
1951  
Anser x i I x W X X X X X X X X X X X 
coerulescens Seiger & Dixon, 
1969  
Aphelocoma 
spp. Pitelka, 	1951 
1aptes, 	spp. Short, 	1965, < X < X X <• X < 
Johnson, 1965  
DATA POSSIBLE FXPLANATIONS 
SPECIES REFERENCES la lb lc id 	2a 	2b 3 4 	5 	6 	7 Rg. A B C D E F C H_I Ect. Cd 





Dicruridae MyrV.A,lq I-. X X X X X X X X X X X x x 
___ __ Miller, 1931 - I I w x x x x x x x x x x x 
Melos _piza - 
melodia Marshall, 1948a,b, 
Johnson, 1956a,b, X X X X 	X X 	I P X X X X X X X X 
Miller, 1947, - 
Ferrell, 1966  
Oenanthe spp. Mayr & Stresseman, - 1950  
Motacilla 
flava Sammalisto 1956, x 
1 957, 	1958 
Paradisaea 
apoda Mayr, 1942, 1963, 
1940 
Parus spp. Huxley, 1939a, 
.Kluijver, 1951, x x x x x x x x 
Mayr, 1963, Snow, 
1954  
Pachycephala < x x x x x 
pectoralis Galbraith, 1956 
Passer 
domesticus 
I- 'T Jones, 1970  
Passerefla i W x x xxxxxxxxx x iliaca Swarth, 1920 
Pass ere ila 
lincolni Miller & McCabe, i i I I p x x x x x x x x x 1935  
Pfpilio 
eurythrop—  X X XXXXXXXXX X X thalamus Sibley, 1950 
üTi.Lus  
quiscala Huntington,_1952  
Tipisphone 	.spp. Chapin 	1948 	- x x x x x x x x x x x 
Mammali a 
DATA POSSIBLE EXPLANATIONS 
SPECIES REFERENCES la 'lb ic ld 2a 2b 3 4 5 	6 7 Rg. A B C D E F C H I Ect. Cd. 
Uria aalge Southern, 1939, 
1951, 1962, 	1966, 
Southern & Reeve, X I I I I X: I X X X X X X X X X 
1941, Southern / 
etal., Storer, / / 
1952 
Zonotrichia 
spp. Miller, 1949 I W X P X X X X X X X X X X 
Bubalus caffus Christy, 1929 1 I I I x x x x x x x x x x x 
Cricetus 
cricetus Gershenson, 1945a, I I :: x x x x x x x • x x x x 
b 
Helioscirus 
spp. Ingoldby, 1927 I I X XXXXXXXXX X X 
Horno sapiens McCullough & 
Cues, 1970 I  X 1 XI P XXXXXX X X X 
Horno sapiens Livingstone, 1969 X X X X X X I I I 	I X X X X X X X ' X X X 
Mus musculus Ursin, 1952 X X X W x X X X X X X X X X X 
Mus musculus Selander, 1970, 
Levin, etal., 
1969 ,Lewontin, 
1962, Lewontin & X X •X I X XX I P XXXXXXXXX X X 
Dunn,1960, 
Lidicker, 1972, - 
Petras, 	1967, 
Reirner & Petras, 
1967, Anderson,  
etal., 	1964, 
Anderson, 1964, 
Croicroft & Rowe, 
1963 
albigula Blair, 	1954 
Neotoma  :c x x i x x x X. 	, 
Perornyscus 	app. Benson, 1933, 
Blair,1940-1953, 
D:Lce, 	1939-1949, x x x x i w i x 	x x i p ' x x x Dice & Blosum, - 
1937, 
Plants 
SPECIES REFERENCES  a lb ic id 2a 
DATA 
2b 	3 	4 	5 6 
POSSIBLE EXPLANATIONS' 
7 Rg. A B C D E F C H I Ect. Cd. 
Peromyscus supp. Dice & Howard,1949, 
Hall & Hoffmeister, - 
(continued) 1942, Hayne, 1950, 
Howard, 1949, Hooper,  
1941, Murie,1933, 
Pasmussen, 1964 / 
/ Teromyscus 
X X X X X X X X X 
polionotus Sumner, 1926-1932 X 	 i' 	I 	1'7 	I 	I X 	I 
Peromyscus 
polionotus Selander etai.,1971X I X X T X P X X X X X X '. X X X ciurus 
variegatoides Harris, 1937 .w X X X X X X X X X X X X Sci, us vulgaris Voipio, 1950-1970, 
Voipio &Hissa,1970 X I I I U X X%  X X X X X X X X X X X 
Thonomys bottae Ingles & Biglioni, 
______________ 1952, Vaughan,1967 - x ________________________________________ x 
Vulpes vulpes Voiplo, 1950,1956 I W X P X X X . X X X X X. X X X 
Vulpes tulva Cowan, 1938,Cross, 
1941 I H 1 X XXXXXXXXX X X 
Ursus americanus Cross, 1941 I H I X X X X X X X X X X X 
Agrostis tenuis, Jain & Bradshaw, 1966, 
A. 	tenuis, and Aston & Bradshaw, ' 
Anthoxanthum 1966,McNeilley & 
odoratum Antonovics, 1968, x x x x X X I 	X 	X X I x • X X 
McNeilley, 1969, 
Antonovjcs & - - 
Bradshaw, 1970, 
Antonovics, 1968a,b 
1972 	 - 
Anthoxanthurn 
odoratum Snaydon, 1970 
xx xx i i x x  ' xx 
AViia barbata Clegg &iUlard, 
1972 ) Hamrick & . r i x w x i X X X X X Allard, 1972  
Clarkia biloba Roberts & Lewis, x 
1.955, Lcwis,1953 




DATA POSSIBLE EXPLANATIONS. 
SPECIES REFERENCES la lb lc id 2a 2b 	3 4 	5 	6 7 Rg. A 	B C D E F G H I Ect Cd 
Dactylus marina Benson & Borrill, r x w x x x x x x x •x x x x x 
_ 1969  
ucaly1)tUS spp. Barber, 1965 x x x x x :1 I 	X x x x x 
Juniperus 
XX X X X X X X X X X X X x x virginica Flake et al. ,1969  
Justica simplex Joshi & Jam, 1964 X - i- p x x x x x x x x x x x 
Linanthus 
arryae Epling & Dobzhansk: 
1942, Wright,1943, X X X X X X 	I I 	I X X X X X X .X X 
_________ Epling etal.,l960 __________________________________  
Lotus - X N XI X X X X X X X X X X X 
corniculatus D.A. 	Jones, 	1972 
Mimulus X X XX X N Xx xx x 
guttatus Allen & Sheppard, 
1971  
Pinus rigida Leydig & Fryer,1971 I. I I I U 	I X I X X X X X X X X. X X X 
Plantago 
maritima Gregor, 1938 - x 	I r X .  I x x x x x x x x x x x 
Quercus spp. Muller, 1952 X I I I U 	I I P X X X X X X X X X X X 
Spergu.La 
I U X P X X arvensis New, 1958 
Nrt-, rirr nil Hip t'1ni.c rfd 	nrp mnroh-ratio. 
for example, Maniola .lurtina. The same 
kind of data and explanations could be 
applied to other types of dines. 
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typica or a small bias in dispersal (the second possible explanation) 
could displace the dine over several demes (chapter 2). In fact 
Bishop found a small bias in dispersal towards the southwest, just 
what would be expected to shift the dine downwind from Liverpool. 
It would be interesting to do a similar transect to the northeast of 
Liverpool; if it is dispersal bias then the dine would shift towards 
- Liverpool, and if a deleterious effect of typica (or increased 
pesticide resistance of carbonaria) the dine would be shifted to 
the northeast. A third possibility is a local reduction of gene flow 
and, or, in population size between Loggerheads and Llanbear. As 
mentioned in chapter 2, this would attract any morphotones in the 
vicinity. This seems unlikely as the dine does not show a morphotone 
(Matthews type I). In any ease there is no data on population size 
in that area. 
Clarke and Sheppard (1966) found evidence for a general (position 
independent) decreased fitness of carbonaria hoinozygotes relative to 
heterozygotes. This would change the observed fitness gradients of 
Bishop (1972) into a model C, or heterozygote advantage dine, which 
is linear rather than s-shaped, as observed. Clarke and Sheppard (1966) 
also found that the frequency of a third gene, insularia, also a 
dominant melanie form, was correlated with the carbonaria frequency. 
If fitness gradients for all three forms were worked out the expected 
dines would be different from that assuming only a two allele model. 
The position at which the dine passes through 40 to 50% would not 
necessarily be the same as was observed in the typica and carbonaria 
gradients. 
Bishop (1972) ran some simulations like that of the present 
author. He chose a model C system with 27 demes (spaced 2 km. apart), 
g=0.25 (stated as 0.20 in another part of his paper) and with h 1=0.05, 
0.10, and 0.15. He ran his simulations for 160 generations and had 
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all demes with the same population size, in spite of different estimates 
from his capture-recapture data. He had no direct evidence for 
heterozygous advantage. He used the observed selection gradient for 
and W3 (x), and assumed W1 (x)=W2 (x)-h1 . The results of the 
model did not fit the observed dines very well. This does not rule 
" out model C as an explanation as selection was not measured completely 
(h1 not known, other- components of selection not known), and as he 
points out, his inter deme distances were too close. His data 
suggested that, in fact, 5 km. would have been better than 2 km. He 
allowed for this by increasing the mean distance of gene flow; allowing 
longer distance gene flow. This improved the fit, but is, unfortunately 
an a posteriori adjustment. The population structure should have 
been worked out in greater detail before setting up the simulation. 
Aside from the incorrect interdeme distance, not allowing for differing 
deme size could explain the poor fit. 
Bishop (1972, Bishop and Harper, 1970) has data on some of the 
selection gradients of the type of requirements 6 and 7, but does not 
make use of it. His maps show a patchwork of urbanisation and rural 
areas, and his transect crosses over several urban patches outside 
Liverpool. Both he selection gradients (Bishop, 1972) and the 
dispersal pattern (Bishop and Harper, -1970) are perturbed in the 
vicinity-of the large urban patches. Dispersal does not fall off 
smoothly with distance, but goes up again near the urban patch (Bishop 
and Harper, 1970) and the frequency, of carbonaria rises locally in 
urban areas.' •.The work of Ramrick and Allard (1972) is an excellent 
example of taking account of local fluctuations inthe environment, 
,but they fall down in the-other requirements of dine analysis. It 
is clear that'a careful mapping of population structure and fitness 
gradients are the fundamentalrequirements for any proper dine study. 
5-9 
Difficulties of explanation are even in greater in investigating 
a pattern of species ranges; one cannot tell whether a pair of closely 
related species which are partially overlapping have evolved 
állopatrically or pãrapatrically. Almost all alleged examples of 
allopatric speciation can also be interpreted on the basis of 
parapatric speciation models (figure 1-2.). For example the Leptodactylid 
frogs Pseudophryne dendyi, P. bibroni, and P. sem.imarmorata are 
contiguously distributed in southern Australia (Woodruff, 1972). The 
frogs are identical except in colour and show extremely sharp hybrid 
zones with reduced viability and increased developmental problems in 
the hybrid zones. The frogs are postulated by Woodruff to have separated 
sometime in the Pleistocene and diverged, and more recently come 
together. to form their present state. However the few differences 
among the three "species" could be explained on the basis of a few 
colour-controlling genes, and the hybrid zone effect explained on 
the basis of a few coadaptive modifiers as in chapter 3, together 
with clinal selection patterns described in chapter 2. 
The major findings of this study of morph-ratio dines are 
(1), gene flow may not be as important as contradifferentiating 
factor as it was'of ten previously believed; (2), morphotones, or 
sharp changes in morph or gene frequency, may develop in the absence 
of barriers to gene flow, in the absence of spatially sharp 
environmental changes, and may develop along smooth selection gradients 
which are gentle enough so that it may be difficult to measure them 
in the field; (3), conversely, morphotones must not be interpreted 
- 	as evidence for sexual or physiographic isolation, secondary contact, 
or sharp changes in the environmental in the vicinity of the clinal 
discontinuity (see also Endler, 1973); (4), drift alone cannot explain 
large scale "area effects"; (5), simple models of coadaptive modifiers 
5-10 
in dines may produce any of the effects of interpopulation crosses 
discussed in the literature (F 1 "vigour", F 2 "breakdown" and, increased 
variance, etc.); and (6), certain combinations of coadaptive modifiers 
in dines may lead to hybrid zone effects and even to the evolution 
of sexualisolating mechanisms. All the paths shown in figure 1-2 
are genetically possible with as few as four genes. 
This study has raised more questions than it has solved. 
Prediction of dines is still imprecise (I cannot, for example, say 
exactly how much gene flow will produce a given natural dine, for 
example), but itis less imprecise than methods of estimating many 
of the parameters listed in requirements 1-7. At least the study 
has clarified the kinds of data which are required in a reasonably 
complete dine study, and the kinds of problems which may be expected 
in investigating patterns of geographical differentiation. Without 
• thorough geographic study of the population biology and history of 
• species, one cannot say by what mechanisms populations have 
differentiated. 
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Appendix 1 
Frequency of Distribution Types in 
North American Amphibians and Reptiles 
The table following lists each of the Amphibians and Reptiles 
found in North America north of Mexico, along with the distribution 
phenomena they show. 
Column I indicates whether or not a given species is monotypic (M) 
or polytypic (P), and if polytypic, how many subspecies are present 
(in parenthesis). Column II is ticked if the species has part of its 
range disjunct from the remainder of the species, but the disjunct 
population is not subspecifically distinct from other populations. 
Column III is ticked if one or more subspecies is not anywhere in 
contact with other subspecies. Column IV is ticked if-one or more of 
the subspecies is involved in a hybrid zone. Column V is ticked if 
subspecies are contcguously distributed; dines are too steep to show 
in distribution maps. Column VI is ticked if one or more subspecies 
grade smoothly into other subspecies. 
Herpetologists have long been interested in biogeographical 
phenomena, and very detailed distributional information is known for 
most of the North American Amphibians and Reptiles. It is my own 
experience in the western United States, where one would expect more 
patchiness of distribution owing to complex topography, that the maps 
are remarkably reliable. Ranges are not, of course, as Continuous as 
the maps imply. Maps showing individual capture records as well as 
A1-2 
shading in correct habitats are preferable to the usual outline maps. 
It is customary to draw a continuous range or continuous shading unless 
disjunctions are greater than about 10 Kin, or the populations are 
separated by very unsuitable habitat. As a working definition of 
disjunction, for the purposes of the table, a species was not regarded 
as including a disjunct population unless it was separated by more than 
10 Kin, or what. could be seen on the distribution maps of Conant (1958) 
and Stebbins (1966). Problems were solved by reference to Stebbins 
(1951, 1954), Wright and Wright (1949), Smith (1946), Bishop (1943), 
and the literature. The only borderline distribution was Long Island 
(New York) - at one end of this spindle-shaped island the distance to 
the mainland is about 2 Km. Probably only a few snakes would cross 
regularly. Long Island populations were regarded as disjunct. For a 
further discussion of distribution maps and species ranges see Stebbins 
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SALAMANDER TOTALS 	 88sp. 30* 18 	3 	29 	8 
47 M.-  - 
- 	 41P. 
120 sbsp. 
* of which 12 are monotypic 

















































































S caphiopus intermontanus 


















































ANURANS (continued) I II 	III IV 	V 	VI 
H. 	fernoralis M 
H. squirella M 
H. versicolor P(3) x 
H. avivoca P(2) x 
H. septentrionalls M x 




Smilisca baudini M 
P. nigrata 	 - P(2) x 
P. clarki M 
P. brimleyl M 
P. brachyphona M 
P.ornata M 
P. streckeri P(2) x 	x 
Gastrophrrne carolinensis M x 
Hypopachus cuneus M 
Rana heckscheri M 
R. grylio - M 
R. virgatipes M x 
R. clarnitans P(2) x x 
R. septentrionalis M x 
R. palustris M x 
R. areolata P(5) x 	x x 	x 









TURTLES I II 	III IV 	V VI 
Chelydra serpentina— P(2) x x 
Kinosternon flavescens P() x 
K. sonoriense M x 
Clemmys inarmorata P(2) x x 
Chrysemys pcta P(4) x x x 
seudeinys scripta  x x 
P. concinna  x 
Terrapene ornata P(2) x 
Gopherus agassizi M 
Trionyx spiniferus P(4) x x x 
T. muticus 
Nacroclemmys teinmincki M 
Sternothaerus odoratus M x 
S. carinatus M 
S. minor P(2) x 
S. depressus M 
Kinosternon bauri  x 
K. subrubrum  x x 
Clemmys guttata M x 
C. muhienbergi M x 
C. inscuipta M 
/ 
Terrapene carolina  x 
Malaclemys terrapin P(7) x x 
Graptemys geographica - M x 
G. barbouri M - 
G. pulchra M 
G. kohni M 
G. pseudogeographica P(3) x x 
G. versa M - 	- 
C. oculifera M 
C. flavimaculata M 
C. 	nigrinoda 	.-. M 
P. floridana P(3) X 
P. rubriventris 	- M x 
P. nelsoni  x 
Deirochelys reticularia  x 
Emydoidea blandingi M x 
Gopherus polyphemus M 
G. berlandieri M 
T. ferox M 






of which 8 are monotypic 
AL-I 
A1-8 
LIZARDS 	 I 	II III 	IV 	V 	VI 
Phyllodactylus xanti P(2) x 
Coleonyx variegatus P(5) x X 
C. brevis M 
Dipsosaurus dorsalis P(2) x 
Sauromalus obesus  X 
Hoibrookia maculata P(3) X 
H. texana P(3) x 
Callisaurus draconoides M 
Uma notata P(2) x 
U. inornata M 
U. scoparia M 
Crotaphytus collaris M(2) x 
C. wislizenii P(2) . x 
Sceloporus scalaris M. x 
S. 	larrovi M 
S. poinsetti M 
S. magister P(8) x x 
S. clarki P(2) x 
S. orcutti P(2) x 
S. occidentalis P(4) x x 
S. undulatus P(8) x x 	x 
S. virgatus 
S. graciosus P(2) x x 
Uta stansburiana P(4) x 	x 
Urosaurus graciosus P(2) x 
U. ornatus M 
U. microscutatus M 
Streptosaurus mearnsi M 
Phynosoma cornutum M x 
P. coronatum P(2)- x 
P. platyrhinos 	0 P(2) -. x 	x 
P. douglassi P(6) x x 
P. rn'calli M 
P.modestum M 
P. solare M 	- 
Xantusia henshawi M 
X. vigilis P(2) x x 
X. arizonae M 
Klauberina riversiana M 
Eumeces obsoletus M 
E. multivirgatus  x 
E. callicephalus M 
E. skiltonianus  x 	x 
E. gilberti P(5) x x x 
Cnemidophorus hyperythrus P(3) x 
C. burti 	
0  x 0 x 
C. neomexicanus M 
C. inornatus M x 
C. uniparens M x 
C. velox M. 
Al- 9 
LIZARDS (continued) i - ii 	III Iv 	v 	VI 
C. sexlineatus P(2) x 
C. exsanguis M 
C. gularis M 
C. tigris P(8) x x 
C. tesselatus M x 
Gerrhonotus multicarinatus P (3) x 
C. panamintinus M 
G. kingi M 
coeruleus P(4) x x 
Anniella pulchra P(2) x 
1-leloderma suspectum P(2) x 
Anoljscaroljnensis M x 
Crotaphytus reticulatus M 
Hoibrookia propingua M 
lacerata P(2) x 
Sceloporus variabilis P(2) - 	- x 
S. grammicus M 
S. cyanogenys M 
S. olivaceus M 
S. woodi M 
Lygosoma laterale M - 	x 
Eumeces fasciatus M x 
E. 	laticeps 	- M 
E. inexpectatus M 
E. brevilineatus M 
E. tetragranunus N 
E. anthracinus P(2) x 	x 
E. septentrionalis P(2) x 
E. egregius P(2) x 
Neoseps reynoidsi M 
Ophisaurus ventralis N 
0. 	compressus 	 - M 
0. attenuatus P(2) x 
Gerrhonotus infernalis M 
Rhineura floridana N 
LIZARDS 	TOTALS: 	 85 sp. 17*  8 	- 	29 9 
47M. 
38P. 
- 	- 	 118 sbsp. 
1.39 sbsp/sp. 
* 
- 	 of which 7 are monotypic 
Al-lO 
11 
SNAKES 	 I 	II III 	IV 	•V 	VI 
Leptotyphiops humilis M 
L. dulcis P(2) 
Charina bottae P(3) x x x 
Lichanura trivirgata P(3) x 
Diadophis punctatus P(11) x x 	x 
Contia tenuis M x 
Reterodon nasicus P(3) x x 	x 
Phyllorhynchus decurtatus P(3) x x 
P. browni P(2) x 
Opheodrys vernalis P(2) x x 
0. aestivus M 
Coluber constrictor P(8) x x 	x 
Masticophis flagellum P(7) x 
M. lateralis P(2) - 	 x 
M. taeniatus P(4) x x 
M. bilineatus P(2) x 
Salvadora hexalepis P(4) x 
S. graharniae  x 
ElaDhe guttata  x - x x 
E. 	triaspis M 
E. subocularis M 
Arizona elegans P(7) x x 	x 
Pituophis melanoleucus 	- P(9) x x x x 
Lampropeltis getulus P(12) x x x 
L. zonata P(5) x x 	x 
L. pyromelana P(3) x x x 
L.. triangulum 	 - P(9) x x 
Thinocheilus leconti P95) x x 
.Natrix erythrogaster P.(5) x x X 
Natrix sipedon P(3) x 
Storeria occipitomaculata P(2) x x 
Thamnophis rufipunctatus -M x 
T. sirtalis P(8) x x x 
T. elegans P(5) x x x 	x 	X 
T. couchi P(6) x x 
T. ordinoides M 
T. crytopsis P(2) x 
T. egues ,P(2) x 
T. marcianus - P(2) x 
T. radix P(2) x x 
T. proximus P(4) x x 
Tropidoclonion lineatum P(3) x x 
Sonora semiannulata M 
S. episcopa P(2) x 
Chionactis occipitalis P(4) x 	x 
C. palarostris M 
Chilomeniscus cinctus M 
Ficimia cana M 
F. guadrarectangularis M 
Al-il 
SNAKES ( continued) 	 I 	II III 	iv 	v 	VI 
Tantilla planiceps P(8) x X 	X 
T. nigriceps P(2) x 
T. wilcoxi M 
Oxybej.js aencis N 
Trimorphodon vandenburghl N x 
T. lambda N 
T. vilkinsonj M 
Hypsiglena torguata P(7) x x 	x 
Micururoides euryxanthus  x 
Sistrurus catenatus  x 
Crotalus atrox M 
C. ruber M 
C. lepidus P(2) x 
C. mitchelli  x x 
C. cerastes  x 
C. molossus P(2) x 
C. tigris N 
C. viridis P(8) x - 
C. scutulatus N - 
C. pricei P(2) x 
C. willardi P(3) x x 
Natrix cyclopion P(2) x 
N. taxispilota N 
N. rhombifera N 
N. fasciata P(6) x x x 	x 	x 
Clonophis kirtlandi N 
C. harteri N x 
Regina septemvittata M x 
R. grahami N 
R. rigida M 
Seminatrix pygaea P(5) x 
Storeria dekayl P(4) x x 	x 
Thamnophis butleri M x 
T. brachystoma N 
Virginia striatula M 
V. valeriae P(3) x x 
Liodytes alleni 	- N 
Heterodon platyrhinos N x 
H. simus M - 
Rhadinaea flavilata M 
Carphophis amoenus P(3) x X 
Abastor erythrograinmus N 
Farancia abacura P(2) x 
Coni3phanes imperialis M 
Drymobius margaritiferus M 
Dryrnarchon corals P(2) x x 
Salvadora lineata N 
Elaphe vulpina P(2) x 
E. obsoleta P(8) x x 
Lampropeltis calligaster  
Stilosoma extenuatum  x 
Cemophora coccinea N C 
Ficimia olivacea N 
A1-12 
SNAKES (continued) 	 I 	II 	III 	IV 	V 	VI 
Leptodeira septentrionaljs 	M 
Tantilla coronata P(3) 	x x 
Tantilla gracilis x x 
Micrurus fulvius  x 
Agkistrodon contortrix  x 	x 
A. piscivorus  x 
Sistrurus miliarius  x 
Crotalis horridus P(2) 	x x 
C. adamanteus M 





* of which 8 are monotypic 
APPENDIX 2 
COMPUTER PROGRAMNES USED IN THE CLINESIM(JLATIONS 
The basic series of steps in each programme is similar to that of 
the experimental protocol (figure 3-2). The parameters are read in, 
then the sequence: random mating, selection gene flow, is repeated for 
a set number of generations ( large enough to allow the dines to reach 
equilibrium or near equilibrium), then the results are printed out. As 
in the experiment all demes are started with an initial gene frequency 
of o.50. 
Glossary of symbols 
Programme A. 
TT 	the number of generations to run, counter T. 
V the number of des, counter I. 
NN(I) the population size in deme I. 
WA(I) 	 AA 
WB(I) the fitness of genotype Aa 
WC(I) 	 aa 
PP(I) the gene frequency (gene A) in deme I. 
LA(I) 
LB(I) the number of each genotype emigrating from deme I. 
LC (I) 
RA(I) 
RB(I) the number of each genotype not emigrating from deiue I. 
RC(I) 
G 	the total fraction involved in gene flow (g, in chapters 2 to 5). 
Programme B. 
G 	the number of generations 	- 
PL the total fraction of the deme involved in gene flow (g) 
RN 	the total population size of deme I. 
R and C the number of demes in each direction; there are R*C demes. 
N(I,J) population size in deme (I,J) before gene flow. 
D(I,J) population size in deme (I,J) after gene flow. 
TNP(I,J) population size * gene frequency (number of A genes) in deme I,J. 
P(I,J) 	gene frequency in deme (I,J). 
This programme uses an algebraic simplification of the recurrence 
equations; one equation for gene flow of genes is used instead of the 
usual genotype equations to save computing time. (It takes several 
hours of computing time to do one genetic drift programme). 
Subroutine RANDOM is used to produce random numbers by the power 
residue method (I.B.M., 1959). Random mating is done by giving each 
of N(I,J) individuals in deme (I,J) a random number from a uniform 
distribution of real numbers between 0 and 1.0. The rectangular 
distribution is divided into three segments, corresponding to the three 
genotypes. The boundaries of the segments are determined by the expected 




p 2+2pq+q 2 (l-g+5g/6) 
p 2+2pq-I-q 2 (1-g+4g/6) 
p 2+2pq+q 2 (l-g+3g/6) 
p 2+2pq+q 2 (1-g+2g/6) 
p2+2pq+q 2 (1-g+g16) 









p 2+2pq (1-g+g/6) 












































AA 	 Aa 	 aa 
	




where p is the gene frequency in deme (I,J) 
parents, and q=1-p. For a deme size N, N 
random numbers (N individuals) are drawn by 
N calls on RANDOM. 
PROGRAMME C. 
G 	- generations to be run. 
PTG generation resiilts to be printed. 
L 	total gene flow (g). 
N deme size. 
F(K,I,J) is the number of individuals of 
genotype,destination K, in deme (I,J), 
where k is as follows: 
K=l to 7, genotype AA 	- 
K=8 to 14, genotype Aa 
K=15 to 21, genotype aa; and 
K=2 to 7, 9 to 14, 16 to 21, will move 
to one of the six adjacent denies; 
K=1,8,15, will not emigrate. 
P(I,J) gene frequency in deme (I,J). 
For stochastic mating and gene flow there are 
still N calls on RANDOM but the uniform distri-
bution is divided up as in figure A-2, into 
three main segments for each genotype, and each 
genotype is divided up into a fraction (l-g) 
not emigrating and a graction (g/6) emigrating 
to one of the six adjacent denies. 
P ROGRA,4HE D. 	 - 
L 	gene flow (g) 
REC percent recombination between loci A & B 
FA(I)  FB(J) selection gradients for each direction 




NW(TJ) chromosome frequencies in deme (L,J). 
NY(I,J) 	 - 
The fitness of A and B genotypes are assumed 
to be independent (multiplicative). 
0.0 
PROGRAMME A. 




READ(TT): READ(V); READ(G) 





R.EAD(WA(I)); READ(WB(I)); READ(WC(I)) 
%REPEAT 
NEWLINE; %PRINTTEXT'% GENE FLOW (G)'; PRINT(G,1,4); NEWLINES(2) 
%PRINTTEXT'DEME 	GENOTYPE FITNESSES 	POPULATION SIZE' 
NEWLINES(2) 
%CYCLE I=1,1,V 
1TRITE(I,3); PRINT(WA(I),7,1); PRINT(WB(I),4,1); PRINT(WC(I),4,l) 
PRINT (NN(I) ,lO,l); NEWLINE 
%REPEAT; NEWLINES( 














LA(0)=LA(1); LB(0)LB(1); LC(0)=LC(l) 








CC (I) =C 
%REPEAT 
%PRINTTEXT'GENERATION '; WRITE(T,4); NEWLINES(2) 











Cline Model, Two Dimensions, NoSelection Genetic Drift 
%BEGIN 
7OCOMENT SIMPLE DRIFT PROGRAM STOCHASTIC MATING BUT 
%COMMENT DETERMINISTIC GENE FLOW 	- 
%EXTERNALREALFNSPEC RANDOM(%INTEGERNAME N, %INTEGER I) 
%INTEGER I,J,R,C,K,G,X,RN,TD,U,V,T 
%REAL L,S,TP,PS,PQ,A,PL 
READ(G); READ(R); READ(C) 	- 
%INTEGERARRAY N,D(O:R+1 310:C+1) 	- 
%REALARRAY P,NP,TNP -(O:R+l,O:C+l) 
READ (PL); READ (RN) 
X=487795 
L=PL/6; S=1(6*L) 
%CYCLE J=1,1,C; %CYCLE I=1,1,R 
N(I,J)=RN 
READ(P(I,J)) 	 - 
%REPEAT; %REPEAT 
%CYCLE J=1,1,C 
N(O,J)=O; N(R+1,J)0; NP(O,J)=O; NP(R+1,J)=O 
%REPEAT 
%CYCLE I=O,l,R+1 
N(I,O)=O; N(I,C+1)=O; NP(I,O)=O; NP(I,C+l)=O 
%REPEAT 




TD=N(I-1 ,J-l)+N(I-1 ,J)+N(I+l ,J-l)+N(I+l ,J) 
D(I,J)=INT(S*N(I,J)+L*(TD+N(I,Jl)+N(I,J+l))) 
%REPEAT 
%CYCLE I=2,2,R 	- 
NP(I,J)=N(I,J)*P(I,J) 





%PRINTTE Xl' 'PARAMETERS: N='; WRITE(RN,3); %PRINTTEXT' G=' 
PRINT((6*L),l,4); NEWLINE 	 - - 
%CYCLE T=O,l,G 
%CYCLE J=1,1,C 









A=RANDOM (X,!) 	- 
%IF A<PS %THEN U=U+1 













%IF A<PS %THEN U=TJ-i-1 




% RE P EAT 
%CYCLE J1,1,C; %CYCLE I=1,1,R 
NP(I,J)=TNP(I,J) 
%REPEAT; %REPEAT 
% RE P EAT 
NEWLINE; SELECTOUTPUT(97); NEWLINES(2) 
WRITE(T,2); WRITE(RN,5); PRINT((6*L) ,3 ,4); NEWLINE 
%CYCLE J1,1,C; %CYCLE 11,1,R 
PRINT (P (I,J) ,1,4) 
%IF (FRACPT(I/10))<0.001 %THEN NEWLINE 
%REPEAT; %R.EPEAT; NEWLINES(2) 
NEWLINE 




Cline Model, Two Dimensions, No Selection, 
Genetic Drift and Random Error inGene Flow 
%BEGIN 
%COMMENT STOCHASTIC MATING, STOCHASTIC GENE FLOW 











%CYCLE K1913,21; F(K,O,J)O; F(K,R+l,J)=O; %REPEAT 
%REPEAT 
%CYCLE I-O,l,R+l 
%CYCLE K=1,1,21; F(K,1,0)=O; F(K,I,C+1)0; %REPEAT 
%REPEAT 
%CYCLE J=1,1,C; %CYCLE I=l,l,R 
P(I,J)=l/2 
%REPEAT; %REPEAT 
NEWLINE; SELECTOUTPUT (97); NEWLINE 
%CYCLE T=l,l,G 
%CYCLE J=l,l,C; %CYCLE I=1,1,R 
TP=P(I,J) 















LN=LM+ (K-15) *L*QS 
LT(K)LM 




%CYCLE K1,1,21; GT(K)=O; %REPEAT 
%CYCLE KN=1,1,N 
RD=RANDOM (X, 1) 
%IF RD>(PS+PQ) %THEN -> C 











%I F (LL<=RD <LM) %THEN GT (K) =GT (K) +1. 
LL=U 
%REPEAT 













%CYCLE 1=1,2, (R-1) 
TJ=F(1 ,I,J)+F(2,I-1,J-1)+F(3 ,I-1,J)+F(4,I,J--1)+F(5,I,J+1) %C 
+F(6 , 1+1 ,J-1)+F (7 ,I-f-1,J). 
V=F(8 ,I ,J)+F(9 ,I-1,J-1)+F(lO,I-1,J)-I-F(11,I ,J-1)-4-F(12,I,J+1) %C 














%REPEAT; NEWLINE; %CONMENT GENERATIONS 
PPRINT 






%PRINTTEXT' ''GENERATION'; WRITE(T,3); %PRINTTEXT' 	N=' 





PRINT (P(I,J) ,1,4) 









Cline Model, Two Dimensions; Deterministic, 
Differing Selection Gradients on Two Linked Loci 
%BEGIN 





%REAL UU,VV,WW,YY,TT,TN 	 - 
READ (G); READ (R); READ (C) 




52: READ(L); READ(REC) 
READ(AL); READ (AH); READ (BL); READ (BH) 
READ (WND) 
S=(l6*L) 
IS=(AH-AL) /R; FA(l)=AL 
%CYCLE I=2,1,R; FA(I)=FA(I-l)+IS; %REPEAT 
IS=(BH-BL)/C; FB(l)=BL 





NU(O,J)=O; NTJ(R+l,J)=O; NV(O,J)=O; NV(R+l,J)=O 
NW(O,J)=O; NW(R+1,J)=O; NY(O,J)=O; NY(R+1,J)0 
%CYCLE I=1,1,R - 
N(I,J)100 





NIJ(I,O)=O; NU(I,C+l)=O; NV(I,O)0; NV(I,C+i)=O 




%PRINTTEXT'ALL POPULATIONS STARTING AT SIZE=lOO'; NEWLINE 
%PRINTTEXT' ALL POPULATIONS STARTING WITH P=0.50, R=0.50 
%PRINTTEXT' AND CHROMOSOMES AB -- ONLY'; NEWLINES(2) 
%?RINTTEXT' RECOMBINATION R='; PRINT(REC,1,4); NEWLINES(2) 
%PRINTTEXT'TOTAL FRACTION MIGRATING t;  PRINT((L*6),1,4) 
A2-11 
PROGRANME D 
%PRINTTEXT' FRACTION MIGRATING IN ONE DIRECTION 
PRINT (L,1,4); NEWLINES(2) 
%PRINTTEXT' A DOMINANT SELECTION (SUCCEssIvE ROW CLINE)' 
NEWLINES (2) 
%CYCLE I=1,1,R; PRINT(FA(I),1,2) 
%IF (FRAC PT(I/20))<0.01 %THEN NEWLINE 
%REPEAT 
NEWLINES(4) 
%PRINTTEXT' B DOMINANT SELECTION (WITHIN ROW CLINE)' 
N.WLINES(2) 
%CYCLE J=1,1,C; PRINT(FB(J),1,2) 





















%IF(FRAC PT(T/50))<0.01 %THEN -> 50 
%CYCLE J=1,1,C 










A=FA(I); B=FB(J); F=(1_A)*(1B) 
RD=REC*(TV*TW_TU*TY) 
UU=F (TU+RD) 
VV=F* (TV* (TU+TW)_RD)+B* (1-A) *TV* (TV+TY) 
WW=F* (TW* (TU+TV) -RD (1-A* (1-B) *TW* (TW+T) 
YY=F* (TIJ*TY+RD (+TY* (B* (1-A) *W+A* (1_B(*TW+A*B*TY) 
TT=UU+VV+WW+YY 
TNU(I.J)=TN*UU/TT; TNV(I,J)=TN*VV/TT; TNW(I,J)TN*WW/TT 














A=FA(I); B=FB(J); F=(1AO*(1_B) 
pj=p* (TV*TW_TU*TY) 
UThF*(T1J+RD) 
\jcp* (T* (Tu-vrw) _RD)+B* (1—A) *TV* (TV+TY) 
WW=F* (TW* (TU+TV) —RD) +A* (1—B) *TW* (TW+TY) 
YY=F* (TU*TY+RD)+TY* (B*  (1—A) *TV+A* (1—B) *Tj-EA*B*) 
TT =UU+VV+WW+YY 
TNU(I,J)=TN*UU/TT; TNV(I,J)=TN*VV/TT; TNW(I,J)=TN+WW/TT 
TNY (I ,J)=TN*YY/TT 
%REPEAT 







TU=NU(I—1 ,J—l)+NU(I-1 ,J)+NU(I+1 ,J)+NU(I+1 ,J-1) 
TV=NV(I-1 ,J-1)+NV(I-1 ,J) +NV (I+1,J)+NV(I+1 ,J-1) 
TW=NW(I-1 ,J—i)+NW(I-1 ,J)-F-NW(I+1 ,J)+NW(I+1,J-1) 





U(I,J)=TU; V(I,J)=TV; W(I,J)=TW; Y(I,J)=TY 
	
N 
A=FA(I); B=FB(J); F=(1_A)*(1_B) 
RD=REC* (TV*TW_TIJ*TY) 
tjup* (Tu-1-RD) 
VV=F* (1J* (TU+TW) _RD)+B* (1—A) *TV* (TV+TY) 
WW=F* (TW*(TEJ+TV) _RD)+A* (1—B) *T'w(Tw+Ty) 
YY=F* (Tu*TY+RD) +TY* (B* (1—A) *J--* (1—B) *TW-fA*B*) 
TT =UTJ+VV+W+YY 
TNTJ(1 ,J) =TN*UU/TT: TNV (I ,J) =TN*VV/fl: TNW(I ,J) TN*WW'/TT 
TNY (I, J)=TN*YY/TT 
% REPEAT 
% CYCLE I=2,2,R 







TY=(S*(L,J)+L*(TY+NY(I,J_1)+NY(I,J+1)))1D( 1 3,J) 
U(I,J)TU; V(I,J)=TV: W(I,J)=TW; Y(I,J)TY 





VV=F* (TV* (TU+TW) _RD)+B* (1-A) *TV* (TV-f-TY) 
WW=F*(Tw* (TU+TV) _RD)+A* (1-B) *TW* (Tw-1-TY) 
YY=F* (TU*TY+RD)+TY* (B*  (1-A) *J+A*(1_B) *Tw+A*B*Ty) 
TT=UU+VV+WW+YY 





NEWLINES(2); %PRINTTEXT' GENERATION '; WRITE(T,3) 
NEWLINES (2); %PRINTTEXT 'AB CHROMOSOME FREQUENCIES' 
NEWLINES(2); %CYCLE I=1,1,R 





NEWPAGE; NEWLINES(2); %PRINTTEXT'A- CHROMOSOME FREQUENCIES' 
NEWLINES(2); %CYCLE I=1,1,R 	 - 





NEWPAGE; NEWLINES(2); %PRINTTEXT'-B CHROMOSOME FREQUENCIES' 
NEWLINES(2); %CYCLE I=1,1,R 




NEWPAGE; NEWLINES(2); %PRINTTEXT'-- CHROMOSOME FREQUENCIES'. 
NEWLINES(2); %CYCLE I=1,1,R 













NEWPAGE; NEWLINES(2); %PRINTTEXT' B LOCUS FREQUENCIES R' 
NEWLINES (4) 
%CYCLE I=1,1,R; NEWLINE 	- 





NEWPAGE; NEWLINES(4); %PRINTTEXT'AABB PHENOTYPE FREQUENCIES' 
NEWLINES(2); %CYCLE I=1,1,R 
NEWLINE:%IF (FRAC PT(I/2))<0.01 %THEN SPACE 
1i4- .j- ..t 
PROGRAMME D 
%CYCLE J=1,1,C 
TUU(I,J); TVV(I,J); TWW(I,J); TY=Y(I,J) 
TU=TU* (TU+2* (TV+TW+TY) )+2*Tv*Tw 
TV=TV* (TV+2*TY); TW=TW* (TW+2*TY 
V(I,J)rINT(10*TV)_1; W(I,J)=INT(10*TW)_1 
Y(I,J)=INT(1O*TY)_1 	 - 
PRINT((INT(10*TU)1) ,1,O) 
%REPEAT; %REPEAT 
NETPAGE; NELINES(4); %PRINTTEXT'AAB- PHENOTYPE 
NETLINES(2); %CYCLE I=1,1,R 




NEWPAGE; NEWLINES(4); %PRINTTEXT'A-BB PHENOTYPE 
NEWLINES(2); %cYCLE I=1,1,R 




NEWPAGE; NEWLINES (4); %PRINTTEXT 'A-B- PHENOTYPE 
NEWLINES(2); %CYCLE I=1,1,R 










%REPEAT 	 - 
%IF WND=1 %THEN -> 52 
NEWLINES (2) 
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Since the time of Darwin and Wal-
lace there has been considerable inter-
est in how species come to be different 
in different parts of their geographic 
ranges. Geographic isolation and spa-
tial differences in environmental factors 
are thought to lead to the observed geo-
graphic differentiation within species, 
and may finally lead to speciation, 
when sexual and geographic isolation 
become complete (1-3). Differentia-
tion into species is usually assumed to 
be impossible without barriers because 
gene flow is supposed to "swamp out" 
any differences evolved in response to 
local environmental factors (1-9). 
Ehrlich and Raven (10), and the 
--- -. 
John A. Endler 
proponents of sympatric speciation 
(11) take exception to the view of the 
dedifferentiating effect of gene flow, 
and recent experiments (12 13) and 
theoretical studies (14, 15) suggest 
that gene flow may not have as great 
an effect as has been postulated. The 
possibility of parapatric dive(gence is 
less commonly discussed (1, 3, 16, 17) 
and is usually assumed to have the 
same problems that are inherent in 
sympatric speciation, in particular the 
difficulty of accounting for the evolu-
tion of sexual isolation in the face of 
considerable gene flow (1). The crucial 
question is how much does gene flow 
actually retard thô development of geo- 
graphic differentiation within a species 
(2). In this article I present experi-
mental and theoretical evidence sug-
gesting that the effect of gene flow 
may be small. 
Huxley (17) defined a dine as a 
gradient in a measurable character. 
Relative to the dispersal rate of a 
species, the slope of a dine between re-
gions is indicative of the extent to which 
the inhabitants have differentiated. A 
steep dine means sharp differentiation, 
as in the pelage colors of the deer-
mouse, Peroinyscus ,naniculatus (18), 
and gentle dines mean indistinct diver -
gence between areas, as in the plumages 
of many duck species (19). The basis of 
subspeciation and speciation is geo-
graphic variation in gene frequencies. 
For a polymorphic character (20) a 
dine is a temporally stable gradient of 
geotype or gene frequencies. 
In spite of the number of dines that 
have been described (1. 17, 21, 22). 
there is a dearth of natural systems for 
which all the necessary ecological in-
formation has been recorded for each 
morph along a dine. Therefore I chose 
to study a model system that could be 
investigated both experimentally and 
theoretically. I discuss here a hypotheti- 
The article was written while the author was 
National Science Foundation graduate fellow in 
the department of zoology, University of Edin-
burgh,. Edinburgh, Scotland. The author's prcscnt 
address is Department of Biology, Princeton Unl-
versiy. Princeton. New Jersey 08540. 
Gene How and Populiation 
Differentiation 
Studies of dines suggest that differentiation along 
environmental gradients may be independent of gene flow. 
Copyriçjht© 1973 by .  the American Association for the Advancement of Science 
cal diploid species distributed as a series 
of discrete breeding units, or demcs. A 
stepping-stone model of dispersal (gene 
I1OV per generation to adjacent denies 
only) is incorporated because, for most 
field estimates, breeding sites are local-
ized, and individuals dispersing from a 
given deme are unlikely to move be-
yond the adjacent denies within one 
generation. Those individuals that do 
move longer distances before settling 
are unlikely to become established and 
breed in the new area for many reasons 
(10, 22-24). This motiel is a closer 
approximation to the discontinuous dis-
tribution and limited gene flow patterns 
observed for many species (22-24) 
than is provided by the neighborhood 
model (6). A deme may be regarded 
as a spatially discrete breeding unit-
an effectively panmictic aggregate of 
organisms lasting for at least one breed-
in session and connected by gene flow 
before and after reproduction. A given 
deme exchanges a given percentage, g, 
of its mature or breeding menibers with 
the neighboring demes each generation. 
The model was investigated by experi-
mentation with Drosophila ,nelano-
:.c.cter and by computer simulation. 
Expuimental Clines in 
Drosophila melanogaster 
In order to study the effects of 
known gene flow and selection, a series 
of dines were set up in Drosophila 
nzelnnogaster, made polymorphic for 
Bar by introducing this gene and a 
small segment of the adjacent X chro-
mosome into a large population (ap-
proximately 8000) of outbred "normal" 
flies, originating from Robertson's 
"Standard Kaduna" population cage. 
(Standard Kaduna is a large outbred 
population of D. inelwtogaszer collected 
at Kaduna, North Africa, and main-
tained for rna:y years.) Five sets (A 
through E) of 15 demes each were 
made up from the Bar-Kaduna popu-
lation. Initially each deme contained 
50 pairs of flies with a Bar gene fre-
quency of 50 percent. These were al-
lowed to mate and produce offspring 
for one gener.ti3ri (generation 0) be-
fore seieceion and gene flow were 
started. This and all subsequant gener-
ations were raised in glass yials (30 by 
100 niil!irngr) stoppered with Cotton, 
each vial Cgi jjin about 17 milliliters 
of d6f'aI-moiasse hdiUffl1 
Generations were discrete. 
The arrangement of artificial selec- 
Table I. The arlangemeflt of selection and 
gene flow. 
Art 
Set ficial Gene Control  scice- how
tion 
A YeN Yes 
B Yes No For gene flow 
C Yes Yes 
D Yes No For gene flow 
E No Yes For artificial selection 
tion and gene flow in the five sets is 
shown in Table I. Each deme in each 
generation was subjected to (i) col-
lection. and scoring of emerging adults 
for each of 6 days; (ii) artificial selec-
tion (if any) on each genotype; (iii) 
reduction of populations to N50 
pairs per denie, genotype frequencies 
being held constant; (iv) gene flow (if 
any); (v) a mating period of 24 hours; 
(vi) an egg-laying period of 4 days; 
and (vii) a developmental period at 
25 0  ± I °C, ending with emergence of 
next-generation adults. Differences in 
fitness resulted in the occurrence of 
natural selection against the Bar geno-
types during period (vii). This natural 
selection must be distinguished from the 
artificial selection of Table 2. 
To produce dines, the artificial selec-
tion was imposed in the form of a 
gradient across the deme series, with 
an increment in selection bctween adja-
cent demes of 10.04. The denies in 
sets A, B, C, and D were subject to 
the absolute survival values shown in 
Table 2. The symbol x represents any 
location of a deme within a series; d 
is the total number of demes in a 
series. In each deme, the parents of the 
next generation were chosen according 
Table 2.. Artificial selection in the experimental 
dines: proportions of each genotype surviving 




W,(x), W(x) .•. 	W(x) 
1 . 	 0.42 0.58 
2 - 	...... 54 
3 	. .50 . .50 
54 .46 
5 .58 - 	 .42 
6 .62 ' .38 
7 .66- .34 
8 .70 	: 	 - .30 
9 .74 , 	 .26 
10 .78 .22 
Ii .82 .18 
12 .86 .14 
90 I0 
14 .94 .06 
15 .98 .02 
to Table 2 as follows. Taking males and 
females separately, a fraction W 1 (x). 
of the tolal number of flies in the deme 
in position x consisted of Bar geno-
types; a fraction W(x) consisted of 
heterozygotes (females only as Bar is 
sex-linked), and W.4 (x) consisted of 
"normal" genotypes. Bar is treated as 
a dominant gene for the purposes of 
artificial selection. The null point (25) 
in the artificial selection was located at 
deme 3 because a preliminary estimate 
suggested that this selection pattern 
would uniformly counteract the natural 
selection against Bar, centering the re-
sulting dines near deme 8. Artificial 
selection (Table 2) was continued in 
generations 1 through 35, except in 
generation 10 when no selection was 
made, and in generation 18 when fe-
males only were selected. 
Gene flow was accomplished in each 
deme by removing g=0.40 of each 
genotype from a given deme and plac-
ing one half of these emigrants (that 
is, 20 percent of N) into the deme on 
the left and the remaining half of the 
emigrants into the deme on the right. 
Thus adjacent demes exchanged 20 per-
cent of their members, and a given 
deme contained 40  percent immigrants 
after gene flow each generation. The 
would-bc emigrants from the end 
demes, I and 15, were returned to the 
deme from which they came. 
The dines for gene frequency in gen-
eration 35 are shown in Fig. I, and the 
slopes of the dines in all generations 
are shown in Fig. 2. Gene frequencies 
are calculated on the total number of 
eclosing adults from each deme, and 
the slope of a dine is the regression of 
gene frequency on deme number for 
the set concerned. 
The response to selection (sets A 
through D) was quite marked for the 
first five or six generations; thereafter 
there was little change in the configura-
tions of the dines. All slopes became 
significantly different from zero at gen-
eration I, with the exception of set E 
(no selection) which became signifi-
cantly different from zero in generation 
4. Thereafter the slopes of sets A 
through D remained significantly dif-
ferent from zero and the slope of set 
E remained insignificant. There is no 
consistent or significant difference be-
tween the selective dines with 40 per-
cent gene flow (A and C) and those 
without gene flow (B and D) from 
niation to gfl tatoii; thus the effeet 
of gene flow in the cxperiment is not 
detectable. 
Models of Clines 
A dine may result from one or more 
of four basic situations: random genetic 
sampling drift. secondary contact be-
tween formerly isolated populations, 
spatially discontinuous changes of en-
vironment, and continuous environ-
mental gradients. Theory suggests that 
the slopes of dines produced by genetic 
drift fall off rapidly with increasing 
gene flow. For any significant and  
came (30). Thus the models differ 
from the experimental systems A and 
C only in that there is no second period 
of selection (no "natural" selection) 
before the measurement of gene fre-
quencies. This simplification will bias 
the models in favor of the attenuating 
effects of gene flow. 
The .gradie,zt mode!, 1, as in the ex-
periments, incorporates survival func- 
tions, W 1 (x), W..(x), and W(x), for 
genotypes AA, Aa, and aa, respectively. 
which are dependent only upon the 
position, x, in the deme series, in which 
the genotypes were born (Fig. 3a). 
Such would be the case if, for example. 
the probability of survival of a partic-
ular genotype increased with position 
along a transect up a mountainside, and 
the probabilities of survival of the other 
1.0 
B No gene flow 
05 
nf 
stable diffcrentiati:; to evolve as a re- 
suit 	of 	drift 	the 	absolute 	number of 
dispersing 	individuals 	(inN) 	must 	be 
less 	than 	one 	per generation 	(6. 	9). ,. 
This 	restriction 	is 	unlikely 	to 	be 
achieved in nature, and there is a very 
low probability that all genotypes will 0.5 
have exactly the same mean survival 
values for even a short period of time: 
therefore 	dines 	produced 	by 	genetic 
drift will not be considered here. See- 
ondarv 	contact 	between 	differently 
a 
r sLructureu popuiaeons win only p1-u- 	 8 	 15 	1 	 8 	 15 
duce dines under special circumstances, Deme Deme 
1.0 
D 	No gene flow 
0.5 
00 1 -- 
several configurations that will produce 	1 	 8 	 15 	1 	 8 	 .15 
a dine; four will be discussed here. Deme - - Deme 
and win oc oiscusseu etsewnere 	o). 1.0 
The effects of gene flow on dines 
resulting from sharp environmental dif- 
ferences have been discussed by several 
authors (7, 34, 	15, 27). If there is a 
large difference in selective effects be- 
tween 	two 	environments, 	then 	even 0.5 
large amounts of gene flow are unable 
to prevent the formation of steep dines 
(14. 15). Given a smoothly changing 
environmental factor, which is probably 
more 	common 	in 	iiature 	than 	are 
sharp changes 	(1, 24, 28), there are 
In each of the following models the 1.0 
symbols 	W 1 (x), 	W(x), 	and 	W(x) 
represent 	the 	probabilities 	of survival 
of the three genotypes of an autosomal A 
locus, AA, Aa, and aa, from zygote P 
to reproduction 	in 	each deme 	(29). 
Their values are dependent upon the 0.5 
location 	in 	the 	deme 	series, 	x, 	and 
form 	selection 	gradients 	along 	the 
series. Equilibrium of the A gene fre- 
quencies, 	A, 	measured 	after 	select-ion 
and gene flow, will result from many 
-. 	 , 	 -. 	 ,---S--- fl( - -- -- generations or ranuom mating, setecuon 
(W's), and stepping-stone gene flow 
along the linear series of d demes. The 
amount of gene flow will be represented 
by g, the total fraction of immigrants 
from both adjacent demes within a 
given deme after gene flow in a given 
generation. As in the experimental 
dines (g0.40, d = 15), the would-be 
emigrants from the end demes (1 and 
d) return to the deme from which they 
- - Overall gene frequency 
Males 
Females 
1 	 8 	 15 	 - 
Deme 
Fig. 1. The experimental dines (of Drosophila) showing Bar gene frequencies, fi, at 
generation 35. Generations 20 through 34 differ from 35 only in details. Demes 1 
through 6 reached fixation for the "normal" gene within the first few generations as 
a result of the strong natural selection against Bar. These demes became polymorphic 
again in subsequent generations as a result of gene flow from demes 7 and above in 
sets A and C, and remained monomorphic in sets B and D with no gene flow. Repli-
cates of demes 6 in sets B and D were subject to one generation of gene flow as in 
sets A and C during generation 15, and subsequently remained at a low Bar frequency. 
The four selective dines (A through D) are very similar, the fifth, set E, shows no 
sign of a dine. - 
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two . genotypes decreased at different 
rates along the same transect. This is 
probably one of the most realistic 
models. Special cases have been con-
sidered mathematically by both Fisher 
and Kimura (8) ai by Slatkin (14). 
The /etcrozvgous advantage ,nodcl, 
2. is similar to that of many other 
authors (31). In this model the prob-
abi!ities of survival of the hornozygotes 
form selection gradients, but the hetero-
zygote has a spatially constant fitness 
which is always greater than either 
homozygote by a minimum amount 
h 1 (see Fig. 3b). 
A modification of model 2 is the 
local heterozvgou.c advantage model, 
in which the heterozygotes' survival 
is also position-dependent, and always 
a fixed amount, 1z, greater than either 
homozygote in the same deme (see Fig. 
3c). 
In the frequency-dependent model, 
the probability of survival of each 
genotype in a deme in location x is re-
lated to its frequency in the same deme 
by: 
Wg(x) = 1 — s[U —f(x)] 
where U, is the frequency of the ith 
genotype whose "focal frequency," 
f(x), depends upon the genotype's 
position, x, in the deme series, and .c 
is the strength of selection. The focal 
frequency is the optimum genotype fre-
quency for a given deme, or the geno-
type frequency at which the probability 
of that genotype's survival is maximized 
(32) (see Fig. 3d). 
Deterministic and Monte Carlo sim-
ulations of each model were executed 
on an ICL 4-75 computer, a wide vari-
ety of selection and gene flow param-
eters being used. Because the Monte 
Carlo simulations did not differ-signifi 
cantly from the deterministic runs, I 
will discuss only the latter. The deter-
ministic simulations consisted of d=50 
demes of N = 50 pairs each (similar 
results were obtained for other values 
of d and N). Figure 3 indicates the 
kinds of selection gradients used in the 
simulations shown in Figs. 4 and S. 
Figures 4 and 5 indicate the A gene 
frequencies, j3, at equilibrium, and the 
equilibrium slopes of the dines pro-
duced by various magnitudes of gene 
flow (g), and selection strengths in 
each model. The equilibrium slope is 
the regression of gene frequency 
[transformed into angles (33)] on deme 
number, calculated in the central third 
of the series to minimize edge effects. 
Equilibrium Configurations of 
the Models 
The gradient model produces a dine 
with a very marked local steepening in 
the vicinity of the null point for all but 
the very weakest selection gradients 
(Figs. 4a and Sa). The greatest effect 
on slope is found at low levels of gene 
flow coupled with weak selection gradi-
ents. As the slope of the selection gradi-
ent (1) increases the attenuation of 
0. 
12 
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Generation number 
Fig. 2. The slopes of the experimental dines in each generation. The four selective 
dines remained very similar throughout the experiment; the effect of gene flow is 
not apparent. The fifth (set E) was reconstituted in generation 15 because almost 
all of its demes had reached fixation for the "normal" gene by generation 14. Set 
E was significantly different from zero slope only during generation 4. 
Fig. 3. The modes of selection in the four models shown 
in Figs. 4 to 6. (a) Gradient model; (b) heterozygous advantage 
model; (c) local heterozygous advantage model; (d) frequency-
dependent model. In (a) through (d) the horizontal axis is 
the position in the deme series. In (a) through (c)the vertical 
axis is the absolute survival value for each genotype; W, for 
AA, W for Aa, and W 3  for aa. In (d) the vertical axis is the 
optimum -frequency or focal frequency, /, for each genotype at 
each deme; any deviation from these frequencies at a given 
position - in the deme series, and the selection against the geno-
type, increases (see text); np is the null point; I is the increment 
in selection between adjacent denies; h, is the minimum amount 
by which the spatially constant fitness of the heterozygote is 
always greater than that of either homozygote; h, is the fixed 
amount by which the fitness of the heterozygote is always 





flow may shift the geographic location 
of a dine between differentiated areas 
without affecting the extent of the dif-
ferentiation. 
Discussion 
Different geographic conditions may 
cause differing patterns of selection 
which nevertheless result in very similar 
dine structures (Figs. 3 and 4). In 
addition, a given geographic pattern of-
selection may produce different clinal 
shapes under differing conditions of 
dominance of the characters selected, 
and the type and amount of gene flow 
(Figs. 4 and 6) (26). It is therefore 
very important that a particular model 
should not be applied indiscriminately 
to a given natural dine without specific 
knowledge of the actual geography of 
natural selection and gene flow. There 
is no easy way to explain geographic 
differentiation. 
Ehrlich and Raven (10) cite 
examples of animals and plants vvi.....t 
b 
Model 2 
h 1 0.0125 
g=1.0 
:_•_- g0 
Deme 	 50 
slope due to dispersal along the dine 
is progressively reduced (Fig. 5a). For 
very weak gradients the differentiation 
thay be very sharp, even for 100 per -
cent gene flow (g = 1.0 in Fig. 4a). It 
stould be emphasized that in this and 
the other models there is no sharp en-
vironmental change (Fig. 3). 
The heterozygous advantage model 
produces a roughly linear dine (Fig. 
4b) as pointed out by Clarke (31). For 
a given selection gradient there is negli-
gible change of slope for increased 
dispersal (Fig. Sb). Gene flow has a 
!ightly greater effect when the dine 
(in the absence of gene fici) is nearly 
flat (not illustrated). Random fluctua-
tions in a natural dine following this 
riodel would probably obscure changes 
due to dispersal. 
The local heterozygous advantage 
model produces a dine with a local 
steepening in the vicinity of the null 
point (Fig. 4c) as in the gradient 
model. For small values of local heter-
osis, h., this model approaches model 1 
(gradient) in the dines which it pro-
duces. As a result of the local steepen-
ing, the smoothing effect of gene flow 
is more apparent than in model 2, es-
pecially for weak selection (h2 in Fig. 
Sc), but the dines produced are nearly 
as insensitive to the effects of gene flow 
as are the dines in model 1. Like the 
gradient model, most of the attenuating 
effect of gene flow, takes place for 
changes in small values (0 <g < 0.3), 
and progressively decreases for the 
same changes around large values of 
g. However, for very large amounts of 
gene flow there is still a marked local. 
steepening (Figs. 4c and Sc). 
The frequency-dependent model with 
distance-dependent focal frequencies 
(/, f., and f3 in Fig. 3d) produces a 
roughly linear dine if the focal frequen-
cies are arranged as in the Hardy-
Weinberg ratios for a linearly increas-
ing series of gene freaucies (Figs. 3d 
and 4d). For moderate to strong 
-ction strengths (s> 0.1) the effect 
gene flow is very small, but for 
very, weak selection (s <0.1) the 
dine may become noticeably flattened 
for large magnitudes of gene flow 
(Fig. Sd). 
Dispersal is not always random or 
nondirectional (22-24, 28, 34). The 
process of gene how may be divided 
into a nondirectional and a directional 
component, spatial drift (3J), To x- 
cf 	:.t a biasing nvlfon 
- ..ch as wind or stream 
.L.Ve on a cUne, an asym- 
mdtry (sy) was introduced into the 
models. A fraction sy g emigrate to 
the demo on the left and a fraction 
(l—sy) 'g emigrate to the deme on the 
right of the parental deme, where g is 
the total fraction of moving individuals 
as before, and .sy is a coefficient of 
asymmetry between 0 and 1. In the 
previous models and in the experiment, 
sy = 0.50, and asymmetrical gene flow 
is obtained by varying the parameter 
.cy from 0.50. 
Fiure 6 illustrates the effect of sym-
metrical and several degrees of asym-
metry on the gradient and heterozygous 
advantage models. The results for 
models 3 and 4 are very similar to 
models 1 and 2, respectively. For a 
given asymmetry of gene flow (sy), the 
entire dine is shifted in the direction of 
the dispersal bias in proportion to the 
given degree of total gene flow (g). A 
greater asymmetry (sy more different 
from 0.50) will result in an increased 
shifting effect for each dispersal value 
(g), but has little effect on the slope of 
the dine. Thus an asymmetry in gene 
1.0 	 .-,-- 
a 	g=0—'j 
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Fig. 4. Equilibrium dines produced by the modes of selection shown in Fig. 3 and 
various levels of gene flow. (a) Gradient model; (b) heterozygous advantage model: 
(c) local heterozygous advantage model; (d) frequency-dependent model. The hori-
zontal axis is the position in the deme series and the vertical axis is the A gene fre-
quency, P, at equilibrium for various levels of gene flow from g = 0.0 to g = 1.00. 
A gene flow of 100 percent means that 100 percent of a. given deme's population 
consists of immigrants after gene flow in each generation. In comparison with other 
experiments (12) where 50 percent is the maximum rate of gene flow, 100 percent 
is possible because there are more than two demes participating in gene flow. The 
clings prgdugcd by madoli I and 3 are v'y §imllar, as are the clifleg produced by 
models 2 and 4. The local steepening in models 1 and 3 have formed in the absence 
of sharp environmental changes in selection. All four models show excellent resistance 
to the attenuating effects of gene flow. - 
Tabk' 3. The swamping" cliect of gene flow in relation to soil color but not to habitat 
N is sample sire (}:rOm  Blair (36)] 
Locality Soil color Habitat frequency N 
S Miles N. Tularosa 1)ark red Grassy washes 0.567 ± 0.038 108 
3 Miles S. Alamogordo Pinkish gray Mesquite .248 ± 	.024 179 
Salinas Pinkish gray Grassy .545 ± 	.051 55 
Lone Butte Pinkish gray Mesquite .365 ± 	.046 57 
White Sands Creamy wh,te Gypsum dunes .241 ± 	.086 13 
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have spatially differentiated, apparently 
in the absence of extensive barriers. 
They suggest that in most species gene 
flow is considerably more localized than 
is commonly thought (10, 22-24), and 
that it will probably prove to be the 
exception rather than the rule to find 
species with large amounts of gene flow 
and little differentiation. This is largely 
a matter of the difference between gene 
flow and true dispersal; gene flow re-
quires a period of establishment of the 
new types into the new demos in addi-
tion to their reaching the new areas. 
There is some evidence that dispersing 
animals may find it difficult to become 
established if they move far from their 
birthplace (22-24). Mayr (1) and 
oti:ers, however, arguing for the de- 
I' 
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differentiating effect of gene flow, cite 
many examples of spatial differentiation 
in which gene flow seems to have a 
marked effect. 
One of the more commonly cited 
examples of the "swamping" effect of 
gene flow, Blair's study of Peromyscus 
inaniculatus (36), needs reexamination. 
In the original paper he not only lists 
the soil colors and the estimated gray 
gene frequencies, but also the habitat 
types (see Table 3). Although the esti-
mated gray gene frequencies do not 
correlate with soil color, they correlate 
very well with the habitat, indicating 
that gene flow is at least not preventing 
response to habitat type. 
The relative magnitude of selection 
and gene flow alters the extent to which  
a given dcme's gene frequency is influ-
enced by that of its neighbors (6, 14, 
15, 27, 37) (Figs. 4 and 5). For ex-
ample, in one of Thoday's experiments 
(12), although g was 0.50, selection 
was of the order of 99 percent and 
differentiation (in this case response to 
disruptive selection) took place. Simi-
larly, weak selection and strong gene 
flow is one of Jain and Bradshaw's 
simulations (15) produced poor local 
differentiation. 
It is, however, an oversimplification 
to state that it is only the relative mag-
nitude of gene flow and selection which 
affects the steepness of dines; this ig-
nores the effects of spatial patterns of 
selection and gene flow. In most natural 
situations individuals are found grouped 
in favorable habitat patches - connected 
as a network by dispersing individuals 
(22-24, 28, 38). Similarly, environ-
mental factors such as temperature do 
not exist in two spatial states, but are 
often found in gradients (24, 28). A 
given deme with a given gene fre-
quency may be subject to gene flow 
from other demes with higher gene 
frequencies, still others with lower gene 
frequencies, as well as from demes with 
roughly the same gene frequencies. If 
dispersal is relatively uniform among 
demes situated on a smooth environ-
mental gradient, the net effect of gene 
flow will be small in each generation 
because the increasing effect on gene 
frequency by gene flow from the demos 
higher up on the gradient will be 
counteracted by gene flow from the 
demos lower down. In terms of Wright's 
formula (5), the mean gene frequency 
of the immigrants will not differ from 
the gene frequency of the dome receiv-
ing the immigrants on a smooth dine. 
This neutralizing effect will be effective 
for all levels of gene flow, hence dines 
- resulting from smooth environmental 
gradients will be rather insensitive to 
the attenuating effects of gene flow, as 
shown by the experimental dines in 
Drosophila and the four models (Figs. 
1 through 6). It is therefore possible 
for local differentiation, even marked 
differentiation, to occur along a rela- 
• tively weak environmental gradient; for 
example, it is possible for differentiation 
to occur given a difference of I = 0.008 
between adjacent demes as in Fig. 5a, 
an amount that might be difficult to 
measure in the field. 
The self-canceling effect of gene flow 
along an '.nvironmental gradient is re-
duced if there is a rapid spatial change 
in selection or a large change in slope 
of the selection gradients causing the 
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Fig. 5. The relationship between selection strength, gene flow magnitude, and the 
equilibrium slope of the dines for each model; (a) through (d) as in Fig. 4. The 
horizontal axis represents the magnitude of gene flow, g. The vertical axis represents 
the slopes of the dines (see text) at equilibrium. Note the expanded scales in (b) and 
(d), which are necessary to show any effects of gene flow- in models 2 and 4. The 
parameter I is the strength of the selection gradient, or the difference in selection be-
tween adjacent demes; h, and h, are the strengths of heterosis (see Fig. 3) and s is 
the strength of frequency-dependence (see text). Arrows mark the slopes of the dines 
shown in Fig. 4, for comparison. The amount of heterosis (ii, or h,) affects the slope 
of dines more than any differences in gene flow in models 2 and 3. In all four models 
gene flow has a small effect. 
Fig. 6. The effect of an asymmetry in gene flow on the 
equilibrium dines of models I and 2. Horizontal axes represent 
the positions on the denic series, and the vertical axes represent 
the equilibrium gene frequencies as in Fig. 4. The three graphs 
• • the left illustrate the effect of three different levels of gene 
ow, ', on the gradient model, and the three graphs on the 
right illustrate the same effect for the heterozygous advantage 
model. In each graph the equilibrium dines for several levels 
of asymmetry (sy) as well as for completely symmetrical gene 
flow (sv = 0.50) are shown for comparison. For model 1, from 
left to right, sv = 0.50, 0.40, 0.30, 0.20, and 0.10. For model 2 
(three graphs on the right), from left to right, .sy = 0.50, 0.30, 
0.10. A greater amount of gene flow (g) makes the system more 
scr.sitive to the effects of a given asymmetry of gene flow, and a 
greater asymmetry (sy different from 0.50) results in a greater 
shifting of the dine for a given amount of gene flow (g). 
Model 1 is more sensitive to the shifting effec.t of asymmetrical 
gene flow than is model 2, but in both models the steepness 
of the dine is not noticeably affected by the asymmetry. 
1.0 
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conditions increase the difference be-
tween the mean ge frequency of the 
immigrants from the adjacent demes 
and the gene frequency of the deme 
receiving the immigrants (15), as ap-
parently four.d in studies of Peromyscus 
(39) and Pachycep/zala (40). The ef-
fect of gene flow may also be notice-
able at the ends of a series of denies, 
and is a form of edge effect (Fig. 4, 
b and d). If there are very few denies 
in a dine the effect of gene flow will 
be very much greater. Thegreatest 
possible effect of gene flow is found in 
the two-deme model (12, 13, 37) be-
cause there can be no canceling of the 
effects of gene flow from areas charac-
terized by high and low gene frequen-
cies. Theoretical conclusions from the 
two-deme model are thus not applicable 
to species distributed among more than 
two denies connected by gene flow. 
With only a few demes the effect of 
gene flow may also be obvious. In lain 
and Bradshaw's simulations with asym-
metrical gene flow (15) among ten 
demes, the asymmetry caused a piling up 
of the spersing genes at the edge of the 
series, greatly reducing the sharpness of 
the differentiation. The dine had been, 
in effect, shifted off the edge of the 
deme series. In the models discussed 
here (d = 50 demes, Fig. 6), the edge 
of the deme series is too far away from 
the null point to have any appreciable 
effect, except for extremely asymmetri- 
cal gene flow (sy = 0.10). In general, 
provided that differences in selection 
between adjacent denies (I) remain 
roughly similar, the canceling effect of 
equidistant but oppositely situated 
demes will buffer dines against the 
attenuating effect of gene flow. 
Conclusions 
There are many possible spatial pat-
terns of selection and gene flow that 
can produce a given dine structure; 
the actual geography of natural selec-
tion and gene flow must be worked out 
before an attempt is made to explain a 
given natural dine in terms of a model. 
The results of experimental and 
theoretical models show that it is possi-
ble for local differentiation to evolve 
parapatrically in spite of considerable 
gene flow if the selection gradients are 
relatively uniform. Irregularities in en-
vironmental gradients increase the 
sensitivity of dines to the effects of 
gene flow in proportion to the increase 
in the differences in gene frequencies 
between the emigrants and the demes 
receiving the immigrants. It is not nec-
essary for a sharp spatial environmental 
change to be present for distinct differ-
entiation to occur. In some cases even 
a gentle environmental gradient can 
give rise to marked spatial differentia-
tion along a genetically continuous 
series of demes; such environmental 
differences may be below the practical 
limits of resolution in field studies. Any 
asymmetry in gene flow does not lead 
to dedifferentjation if the environmental 
gradient is smooth; it merely shifts the 
position of the transition zone between 
the differentiated areas from that which 
would be- expected if there were no 
asymmetry. Abrupt geographic differ-
ences in gene, genotype, or morph fre-
quencies should not, therefore, be inter-
preted as evidence for environmental 
changes in the immediate vicinity of the 
steepest part of the dine; neither should 
they be interpreted as evidence for 
geographic barriers, sharp environmen. 
tal differences, or sexual isolation 
among the differentiated groups of 
populations when there are no other 
sources of evidence for these phenom-
ena. Gene flow may be unimportant in 
the differentiation of populations along 
environmental gradients. 
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APPENDIX 4 
DATA FROM THE DROSOPHILA EXPERIMENTS 
A4 - A, The DrosoDhila dines. 
The data are arranged as follows: For each generation the total 
number of parents (after gene flow if any) and the total number of 
offspring is listed for each vial in each set. For parents and for 
offspring the arrangement is as follows: 
Line 1: 	Generation number (FO to P35), parents or offspring. 
Lines 2 to 6: Set A, selection, gene flow. 
Lines 7 to 11: Set B, selection only. 
Lines 12 to 16: Set C, selection, gene flow. 
Lines 17 to 21: Set D, selection.only. 
Lines 22 to' 25: Set E,gene flow only. 
For each set: 	 - 
Line 1: vials 15 to 13 
Line 2: 	vials 12 to 10 
Line 3: vials 9 to 7 
Line 4: 	vials 6 to 4 
Line 5: vials 3 to l.. 
For each vial the numbers of each genotype are in the order BY, bY, BB, 
Bb, and bb. 
A4 -B, The Across-clinecrosses. 
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SetA 
GENOTYPE NUMBERS 	FMASS 	MEDII 
54 13 29 27 2 0,125 5.11 
54 14 40 23 3 0.129 4.9 
56 28 41. 24 7 0.136 4.6 
62 19 38 34 7 0.149 5.0 
30 43 1 24 46 0.127 4.8' 
13 32 0 23 41 0.125 4,9( 
33 57 2 19 50 0.144 4.9 
30 61 0 22 48 0.149 4.8 
29 39 17 42 8 0.128 5.1 
31 43 22 21 15 0.123 5.01 
49 39 20 45 11 0.141 4.7 
33 47 15 47 20 0.139 5.2 
0 67 O. 0 68 0.131 5.1 
0 60 0 0 82 0.137 5,1( 
2 73 0 2 84 0.151 4.8k 
0 31 0 1 30 0.070 5,OL 
52 22 27 30 13 	. 0.141 4.9 
36 25 27 35 8 0.131 5, 
42 39 28 31 20 0.131 4.8 
42 25 36 27 5 0.131 5.0 
19 53 5 43 37 0.134 4.71 
23 38 1 23 33 0.120. 4.8k 
11 26 1 23 19 0.082 4.7 
11 52 2 31 27 0,121 • 	 4.51 
34 40 13 34 10 0.127 4.9( 
32 42 12 37 11 0.130 4.8 
27 35 18 33 22 0.129 4.9 
36 45 18 26 20 0.132 4.8 
8 56 019 44 0,120 4.P• 
6. 54 1 22 44 0.119 4,9 
9 58 0 19 60 0.134 4.6 
13 64 0 20 61 -• 	0.151 4.6 
APPENDIX 4 - B 
DATA FROM THE ACCROSS-CLINE CROSSES 
A,B,C,D,E = Sets A,B,C,D and E. 
Numbers after set indicate vial 
numbers in the original dines. 
F1 SetA 
GENOTYPE NUMBERS FMASS MEDIUM 
47 11 35 23 2 0.10& 4.707 
>< 52 15 44 25 3 0.145 5.048 
. 47 16 33 19 4 0.115 4.945 
45 12 33 22 4 0.117 4.314 
0 50 0 58 20 0.133 4,889 
0 45 0 50 16 0.116 4.788 
0 78 0 31 32 0.103 5,442 
O 63 0 29 34 0.129 	, 4.674 
52 31 0 61 21 0.154 5.163 
. 43 31 0 61 16 0.140 4.803 
48 16 0 62 18 0039 5.220 
77 21 0 51 14 0.147 5.098 
0 74 0 076 0,148 5.165 
' 0 66 0 0 73 0.136 5.144 
0 71 0 3 62 0.123 4.716 
C) 65 0 0 81 0.163 4.595 
• 57 18 34 32 8 0.139 5.135 
44 17 41 26 5 0.122 5.014 
43 15 28 28 10 0.118 3.918' 
44 14 38 20 13 0.134 5.201' 
16 53 9 29 41 0.144 4.860 
19 62 12 23 49 0.161 5.111 
57 27 5 39 14 0.136 5.160 
15 54 535 32 	- 0.139' .4.952 
51 23 1 60 13 0.149 4.945 
52 16.: 5 46 10 0.128 5.066 
13 62 10 33 36 0.158 4.717 
46 23 2 51 18 0.137 .4973 
• 5 64 0 9 51 0,131 4.811 
- 9 65 C) 40 46 0.132 4.698 
5 44 0 9 44 0.117 5.266 
5 57 0 10 48 0,112 4,654 
F'2 set B 
3531 34 40 7 0.132 4.8 
42 21 20 28 7 0.120 5,1 
35 25 31 26 9 0.134 5.0 
24 33 2829 9 0.139 5.0 
36 46 0 32 46 0.144 5.0 
26 45 0 25 48 0.128 5.0 
26 55 0 25 59 0.131 5.1 
14 45 0 26 42 0.122 4.8 
28 46 24 45 17 0.162 5.2 
30 38 20 50 13 0.133 5.0 
17 28 15. 44 16 0.118 4.9 
21 43.10 33 16 0.122 5.1 
0 94 0 0 76 0.144 5.0 
0 69 00. 73 0.133 4.8 
0 89 0 07S 0.143 4.8 
0 72 0 0 88 0.151 5.0 
37 20 25 43 11 0.122 5.0 
28 22 26 47 4 0.117 5.1 
40 25 20 39 4 0.118 5.0 
31 23 22 30 9 0.116 5.2 
26 52 1 23 62 0.15.0 5.1 
20 61 0 26 53 0.146 5.0 
20 55 1 21 41 0.127 4.8 
24 54 0 16 65 0.135 5. 10: 
32 38 21 49 11 0.130 5.0< 
36 43 28 54 7 0.142 5.0 
31 40 35 40 14 0.130 4.6' 
35 46 19 42 12 0.151 4.9 
15 49 1 26 43 0.128 5.3: 
14 43 1 25 59 0.139 4.9 
7 37 2 12 43 0.102 4.8 




0 . F 1 setB 
--' 61 21 41 25 9. 0.148 5.280 
57 30 46 34 6 0.163 - 	5.134 
47 26 50 38 11 0.166 4.948 
47 19 42 46 9 0.152 4.737 
0 79 0 67 12 0.145 5.096 
0 77 0 74 13 0.150 5,112 
0 77 0 80 15 0.156 5.076 
0 35 0 76 16 0.157 5.016 
48 24 0.55 18 0.134 5.179 
50 21 0 47 30 0.133 4.993 
62 27 0 64 20 0.154 
- 
4.834 
- 57 22 0 65_27 0.155 4.802 
0 63 0 0 64 0.114 5.151 
-- 0 84 0 0 70 0.140 5.127 
< 0 76 Cl 0 85 0.145 4.904 
- 0 75 0 0 89 . 0.151 5.234 
38 30 27 47 3 0.135 5.330 
50 18 37 32 7 0.121 . 5.115 
46 36 33 3215 0.146 4.975 
54 21 35 36 4 0.136 5.043 
6 77 4 35 28 0.145 5.357 
N 
5 64 2 34 37 0.141 5.276 
7 69 3 5223 0.148 5.001 
62 6 46 27 0.149 5.049 
19 13 6 17 12 0.055 5.1201 
50 15 11 56 16 0.140 5.139 
49 20. 12 68 19 0.144 5.031 
53 20 17 58 25 0.166 4.994 
12 77 0 32 53 0.166 5.561 
' 9 76 0 17 5? 0.154 5.255 
18 72 0 20 45 0.165 4.829 
' 11 76 0 15 64 0.146 4.887 
F 1 	setC F2 
setC 
34 28 32 27 10 0.121 4.918 28 28 15 16 11 0.091 5.3 
34 23 22 14 15 0.117 5.131 47 38 17 35 16 0.144 5.6 
45 24 54 19 13 0.128 4.625 20 29 14 19 5 0.086 5.1( 
48 27 37 37 19 0.136 4.823 30 17 3 17 12 0.077 5.0 
4 77 0 46 26 0.129 4.828 17 55 1 38 53 0.137 5,5 
2 65 0 54 20 0.130 5.238 21 49 5 16 37 0.118 5.1 
3 72 0 49 .42 0.087 4.534 11 40 1 14 36 0.090 5,1 
7 74 .0 .51 28 0.167 4 0 696 10 41 0 22 37 0.103 5.0( 
42 19 1 53 22 0.190 4.977 20 33 18 26 20 0.107 5.17 
58 27 2 46 14 0.126 4.827 24 40 27 49 11 0.148 5.3c 
58 18 2 51 15 0.123 4.719 19 29 tS 31 9 •0.097 5.0. 
46 20 4 52 20 0.116 4.716 32 15 15 43 8 0.121 5e05 
0 64 0 0 55 0.090 4.822 1 61 0 0 60 0.119 5.22 
o 61 0 0 52 0.114 5.038 • 0 67_ 0-0 470.127._5.14 
0 76 0 0 65 0.124 4.894 0 99 0 0' 73 0.181 5.1 
o 64 0 0 el 2 0.126 4.686 0 33 0 1 35 0.078 5.07 
- 33 37 15 26 27 0.125 .4.732 30 48 12 32 16 0.128 5.23 
38 27 15 39 24 0.136 5.008 23 36 13 .2921 0.113 5.25 
35 34 20 44 23 	' 0.142 4.321 9 22 5 32 15 0.085 483 
38 23 21 34 16 0.132 5.007 20 32 11 21 15 0.094 5.04 
7 32 0 17 55 0.140 4.861 7 54 0 27 57 0.131 50/. 
'. 70 2 34 42 0.121 4.629 15 61 2 18 59 0.141 5.38 
9 2 28 51 0.141 4.858 7 51 3 3 59 0.128 5.22 
•-. 4 63 3 19 29 0.123 4.943 21 45 4 20 40 0.137 5.38 
10 25 1' 26 37 	. 0.110 '4.966 11 49 4 34 31 0.126 5.04 
15 30 0 16 21 0.093 4.832 17 43 7 32 26 ' 	0.115 5.08 
28 29 2 30 38 0.121 4,646 14 61 7 33 39 0.127 4.4 
r 29 37 C 30 42 0.123 4.503 18 47 8 12 21 0.102 5.13 
5 59 2 9 63 0.134 4.824 3 56 0 16 43 0.109 5.31 
' 10 61 2 16 46 0.121 4,967 8 .55 3 13 52 0.126 5.07 
7 84 0 10 59 0.141 4.779 . 1 50 1 9 57 0.122 5.06 
' 15 63 3 23 56 0.1.20 4.873 1 38 0 13 38 .0.089 4,93 
' ] setD F2 setD 
- 36 21 35 25 10 0.139 5.11 38 26 23 40 14 0.128 5.2< 
39 24 25 26 1-1 0.146 5.i3 37 27 25 45 8 0.141 5.O 
45 27 35 42 5 0.133 4.40S 41 26 24 36 16 0.134 4.5: 
44 28 35 34 4 0.142 4,82C 52 28 1941 5 0.143 5.0 
0 63 0 47 31 0.156 5.335 28 42 0 27 50 0.145 5.2: 
- - 
0 77 0 51 30 0.167 5.263 2247 0 18 59 0.139 5.1 
0 77 0 56 41 0.155- 4.114 20 33 0 27 44 0.111 4.7 Z 0 75 0 47 38 0.144 4.667 25 53 0 18 42 0.126 5.2 
55 19 0 60 27 0.152 5.061 26 48 ii 42 19 0.140 4.9 
42 18 0 55 30 0.147 5.165 26 44 10 45 18 0.135 5.32 
55 29 0 57 32 0.157 4 . 618 25 62 17 38 20 0.164 4.8 
- 53 20 0 53 32 0.152 4.425 27 44 12 41 11 0.128 4,5c 
o 72 0 0 71 0.142 5.143 0 64 0.. 0 55 0.126 5,27 
-It  0 74 0 0 72 0.167 5.022 0 61 0 0 73 0.132 5.08 
0 70 0 0 KS q, 0.155 4,694 0 62 0 0 60. 0.116 4.77 
- 0 88 0 0 69 0.137 5.000 0 78 0 0 71 0.136 4.86 
49 22 16 20 29 0.137 5.307 26 44 9 29 18 0.122 	- 5.06 
4 8 20 13 34 25 0.134 4973 41 32 9 34 6 0.115 5.18 
55 27 13 40 18 0.130 4,483 48 37 1235 16 0.136 5,15 
65 24 18 37 20 0.129 4.765 30 44 15 4- 4 10 0.125 4.1 
26 53 8 26 41 0.168 - 5.648 23 38 3 23 26 0.105 5.14 
23 40 13 40 34 0.149 5.199 19 56 10 33 36 . 	 0.147 5.36 
21 49 6 31 43 0.129 4.153 27 48 11 23 24 0.125 4.69 
20 35 5 22 18 0.103 4.340 16 57 2 37 41 0.144 6,89 
33 22 5 37 33 0.143 5.360 23 33 7 24 22 0.134 5.06 
27 33 6 42 27 0.139 5.340 21 51 13 20 18 0.118 5.05 
>< 25 39. 3 30.25 ..... 0.108 .4.592 22 50 14 30 7 0.123 5.40 
r 51 37 8 35 23 0.126 4.447 14 35 - 	 7 29 23 0.108 4.83 
22 51 6 33 40 0.153 5.508 17 37 5 25 34 0.115 5.02 
' 16 58 4 •39 23 0.140 5.089 24 35 8 18 17 08099 5.21 
32 56 4 33 41 0.114 5.260 15 38 4 29 25 0.111 4,66 
314 4 5 42 37 0.145 4.828 31 38 5 39 31 . 	 0.123 4.56 
F1 Set E 
	
F2 Set E 
0 59 0 6 54 
> 1 55 0 6 64 
0 95 0 0 64 - 
1 35 0 3 50 
1 53 0 4 45 - 
4 95 0 5 66 
2 40 0 7 40 
5 50 0 6 45 
0 71 0 0 69 
0 54 1 1 62 
< 0 44 0 61 0 
0 75 0 0 63 
0 77 0 3 84 
- 5 71 0 14 71 
5 62 0 6 66 
2 49 0 5 53 
0 50 0 4 59 
0 73 0 3 83 < 
0 86 0 4 66 
0 88 0 0 81 
• 2 59 0 1 44 
2 67 0 .0 74 
7 69 0 6 64 
1 61 0. 1 62 
0780 294 
0 36 0 4 76 
0 83 0 7 79 
' 0 78 0 2 68 
0 64 0. 0 69 
- 2 51 0 0 49 
0 75 0 o 94: 
- 1 69 0 1 85 
0.126 - 4.721 5 44 2 6 53 - 0.104 5.43 
0.128 4.936 4 33 0 2 43 0.01 5.3 
0.146 4.722 2 47 0- 4 37 0.086 4.6 01090 4.534 2 38 3 5 44 0.084 5.02 
0.113 4.733 4 49 0 7 62 0.092 4.8 
0.138 4.461 852 0 9 46 0.110 5.15 
0.101 4.353 . 	2 57 0 21 62 0.132 5.07 
0.133 4.444 1 22 0 7 20 0.053 5025 
0.144 4.701 0 61 0 0 40 0.080 5.02 
0.123 4.693 0 56 0 0 69 0.113 4.99 
0.107 4.519. 0 38 0 0 38 0.077 5.33 
0.141 6.575 0 32 0 - 	0 47 0.084 4.92 
0.165 4.543 1 27 0 -.4 38 0.078 
• 
4.93 
0.152 4.335 4 54 0 6 63 0.126 5.05 
0.137 5.503 0 36 2 5 42 0.084 4.88 
0.110 5.343 2 52 1 5 46 .0.100 4.81 
0.211 4.952 1 51 0 1 77 0.126 5.18 
- 0.184 4.780 2 41 0 2 43 0.085 5.05 
0.140 4.616 1 76 0 .1 78 0.142. 5.08 
0.140 4.608 1 64 0 0 52 0.115 4.94 
0.115 4.736 1 58 0 0 57 0.118 5.27: 
0.118 - 	4.731 1 45 0 1 62 0.099 5.00; 
0.103 4.415 4 60 0 1 60 0.118 4,97 
0.121 4.255 3 50 0 2 59 0.114 5.09 
0.156 4,798 3 43 0 3 54 0.103 5.27 
0.135 5,374 0 35 0 0 31 0.063 5.12 
0.152 4.694 6 63 0 2 67 0.139 4.92 
0.136 5.351 0 51 0 2 72 0.103 4.S6 
0.132 .4, -757 0 72 0 4 59 0.133 5.671 
0.111 5.025 0 51 0 8 52 0.110 5.06; 
• 0.154 4.721 1 76 0 5 65 0.140 5.11 
0.128 4.972 .0: 54 0 2 58 0.117 4.47 
